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ABSTRACT
In the Peace River Arch (PRA), the Wabamun Group is commonly dolomitized 
where it overlies Leduc or Nisku patch reefs, grading from limestone to dolostone over 
relatively short distances. This suggests that fluid-flow accessed the porous carbonate 
buildups favored dolomitization in the overlying Wabamun. Differential compaction 
between the rigid reef framework and the surrounding shales (Ireton Formation) during 
Late Devonian to Early Mississippian is thought to be the trigger for the development of 
fault and fracture systems that ultimately allowed diagenetic fluids which favored the 
dolomitization of the Wabamun carbonates.
The present study is focused on understanding the dolomitization process in the 
Gold Creek Field, its relationship with the porosity evolution of the area, and the 
geochemical characterization of the fluids responsible for such dolomitization.
Core observations revealed that the fractured and brecciated natures of the 
majority of the cores are located on top of the Leduc. Such fractures are commonly filled 
with a melange of anhydrite, saddle dolomite, sulphides and pyrobitumen. Three main 
generations of dolomite were found: 1) Matrix replacive dolomite, 2) Compaction-related 
dolomite, and 3) Cement dolomite. Zoned matrix dolomites with various patterns of 
luminescence in late cements are interpreted to indicate interaction with fluids of different 
chemical characteristics. Geochemical evidence point to an early interaction (Late 
Devonian-Early Mississippian) of the Wabamun carbonates with fluids of hydrothermal 
origin (Thcorr=135 °C -  269.5 °C; 87Sr/86Sr from 0.7089 to 0.7133, 5180  from -2.7 %o to -
15.5 %o). Oxygen and strontium isotopic composition indicates that all three dolomite 
generations interacted with fluids with a basement derived character.
Petrophysical attributes of the Wabamun carbonates were studied with the aid of 
an innovative Image Analysis technique. Interesting correlations between hydrothermal 
fluid-flow and porosity evolution were observed in the Wabamun at Gold Creek Field.
Ill
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The present study will examine the characteristics of the dolomitization process, 
in terms of dolomite types, distribution and geochemistry in the Wabamun (Famennian) 
carbonates, at the Gold Creek Field in western central Alberta. The Wabamun 
carbonates had received little attention as consequence of their apparently lack of 
carbonate buildups with significant hydrocarbon potential, compared to other Devonian 
units in Western Canada Sedimentary Basin (WCSB).
The Gold-Creek Field in western central Alberta (Townships 67-68, Range 4W6) 
produces oil and gas mainly from the Cardinal Lake Member of the Wabamun Group. 
This Famennian carbonates were exposed to several diagenetic processes such as 
dolomitization, chertification and anhydritization (e.g. Packard and Pellegrin 1989 and 
Packard et al. 1990). By far dolomitization is the most extensive or basin wide 
recognized diagenetic process in the Western Canada Sedimentary Basin (Mountjoy et 
al. 1997)
Although the Gold Creek Field was discovered in 1964, publications about the 
diagenetic history of the Wabamun Group within the field and its relationship with the 
play itself are scarce. Was not until the discoveries within the formation of both oil 
(Tangent-Eaglesham trend-exploited in mid-to late 1980’s) and gas (Berland River West 
and Fir fields discovered in 1994 and 1997, respectively), that the Wabamun dolomite 
reservoir gained attention. The timing of formation of reservoir dolomite (both matrix 
replacive and cement phases), their spatial and temporal relationships to local and more 
regional structural elements (fractures, faults, fault systems, domain boundaries), as well 
as the nature of the diagenetic fluids responsible, have been constrained in the studies 
to be mentioned in section 1.2, using geologic, petrographic and geochemical attributes. 
However, no information has been reported for the Wabamun at Gold Creek Field.
1.2 Previous Studies on the Dolomitization of the Wabamun Group
The nomenclature and lithofacies of the Wabamun Group from central Alberta 
has been described and studied by Halbertsma (1959, 1994) and Meijer-Drees (1987), 
where the group has been described by a series of stacked cyclical shallow water ramp 
carbonates deposited during a regressive cycle. A system of fractures developed during 
the Mississippian age has serve as conduits for dolomitizing fluids of unspecified origin,
1
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and then for hydrocarbons sourced from the overlying bituminous Exshaw shales (e.g. 
Stoakes, 1987). Majid (1987, 1989), studied the relationship of fracturing and faulting to 
subsequent dolomitization and reservoir quality development in west-central Alberta, but 
noted that major fault trends do not coincide with dolomitization trends. Majid (1989) 
postulated that isolated dolomitized zones may have occur where major fault trends 
intersected either Leduc fringing reef belt and/or minor cross-faults. For the Gold Creek 
Field (area of this study), several wells produce hydrocarbons in the Wabamun interval 
where Leduc underlay the Wabamun (for example: 10-5-68-4W6). Packard and Pellegrin 
(1989) and Packard et al. (1990) working on the Tangent-Eaglesham-Cindy area, also 
observed the role of hot diagenetic fluids ascending to the Wabamun where similarities 
between MVT (Mississippi Valley Type) deposits, present in other areas and FAHKD 
(Fracture Associated Hydrothermal Karst and Dolomite) are seen. The above mentioned 
FAHKD is recognized as vertically oriented aureoles in large sediment-occluded caverns 
where the development of dolomitization appear to be near-synchronous with the karst 
formation and interpreted to be resulted from the action of the same or closely-related 
hydrothermal brines (based on petrographic relationships) that ascended small faults 
and fractures prior to the close of Banff deposition. Other authors interpreted the 
massive carbonate dissolution in the Wabamun as the result of subaerial exposure 
where dolomitization is produced in “Dorag” or “mixing water dolomitization” (e.g. 
Workum, 1991). For further information about this and other dolomitization models 
considered for the Wabamun Group please refer to the appendix.
Mountjoy and Halim-Dihardja (1991) on the basis of stable isotopes and 
petrographic relationships concluded that although the matrix-replacive and saddle 
dolomite cements in the Tangent, Eaglesham and Normandville fields located east of the 
Peace River Arch (Devonian Wabamun Group) were both burial process-related, the 
former developed at depths of between 500 and 1500 m, and temperatures of between 
40 and 65°C from interstitial Devonian brines expelled by mechanical compaction along 
fractures; whereas the saddle dolomite cements formed in an “deep burial” environment 
at temperatures of 100°C or greater.
Packard et al. (1992) and Packard and Pellegrin (1989) suggested that 
hydrothermal karstification and dolomitization might have been associated with a 
Tournasian-age sea-floor fracture-vent system, related to regional extension and calc- 
alkaline magmatic activity. They speculate that juvenile C 0 2 may have played a part in
2
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modifying the diagenetic hydrothermal brines. Sailer and Yaremko (1994) proposed an 
early near surface dolomitization stage associated with paleo-topographic highs localized 
the later hydrothermal overprint.
As mentioned earlier different diagenetic processes could play important roles in 
modifying reservoir properties. Silicification is one of the processes observed in the 
Parkland Field (e.g. Packard et al. 2001) examined in detail the diagenesis of the 
Wabamun carbonates and noted that the chertification of the pre-existing pervasive 
dolomite matrix by fluids under-saturated with respect to calcite, marginally saturated 
with respect to dolomite, and over saturated with respect to silica, improve dramatically 
the porosity up to 30% and the permeability up to 37 md Kmax- Therefore, they concluded 
that fracture-associated hydrothermal karst which is one of the most important plays 
within the Wabamun group in both eastern British Columbia and western central Alberta 
had very little impact on the Parkland Field. Instead, most of the reservoir pore volume 
can be attributed to micro-intercrystalline porosity within a pervasive replacement of 
microquartz (chert) that occurs at the dolomite-limestone interface.
Previous investigations show that dolomitizing fluids were generated pre-, syn- and 
post-Laramide tectonic events (e.g. Al-Aasm 2000), and they range in origin from 
marine, mixed marine-meteoric and burial (e.g. Al-Aasm et al. 2002; Packard et al. 2001 
and White and Al-Aasm 1997). These fluids were particularly important in creating and 
destroying the porosity of the reservoir and the mineralization processes in the 
uppermost Devonian (Frasnian to Famennian) and Lower to Middle Mississippian 
(Tournasian to Visean) carbonates. Debate continues (e.g. Machel and Lonnee 2003) as 
to the nature, source and flow mechanisms of dolomitization and other diagenetic fluids; 
their relationship to pre- and post-tectonic events; fluid-rock interaction; timing of 
dolomitization and relationship between dolomitization and porosity creation or 
destruction.
1.3 Porosity studies in the Western Canada Sedimentary Basin
In the work by Packard et al. (1990) at Cindy and Tangent Fields (~100 Km north­
east of Gold Creek) three main porosity types where described. Emphasis is made on 
“pin-point vugs”, because these compose the bulk volume of the dolostone porosity. 
Such porosity development and dolomitization itself are thought to be caused by 
hydrothermal flow; like in other Devonian Plays such as Keg River, Slave Point, Nahami,
3
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Dunedin (Davies 2004); Ladyfern (Boreen and Davies 2004) among others. However, 
no work on porosity development and evolution or in dolomitization has been done at 
Gold Creek.
Porosity and permeability are key attributes to be studied in hydrocarbon 
reservoirs. The reason for this is that hydrocarbon flow (production) is governed by pore 
types, their distribution, their connectivity and the pore throat size. For a complete review 
in such matter the reader is referred to Lucia (1995). Efforts to measure these 
parameters in a more rapid, accurate and cost effective way have been carried out for 
several years and now are impulse by technologic advances in the field of digital image 
acquisition.
Quantification of pore area in thin sections by digital image analysis is a goal that 
authors like Elrich et al. (1991) and McCreesh et al. (1991) had documented in the past. 
The main reason to develop a digitalized method lies in the fact that the practice of 
contrasting the observed pore space on a thin section with a quantified pattern is largely 
subjective, time consuming, requires trained personnel and cannot be related to other 
physical properties, e.g. permeability. Other method of porosity measurement relies on 
conventional well-logs which sometimes are not adequate for carbonates reservoirs. 
One of the reasons is that some dolomitized bodies exhibit tight matrix with vuggy 
porosity, therefore high porosity values are lowered by matrix values.
Elrich et al. (1991) describes a method that integrates digital image acquisition 
with pattern recognition algorithms in order to classify and measure porosity in 
sandstones and carbonates. This method can be linked to permeability and other 
petrophysical properties thus constituting a powerful tool to predict reservoir quality. 
More recently other methodologies that include digital images of thin sections, high 
resolution borehole-imaging logs, and scanned core plugs to measure porosity or to 
produce dolomite crystal size histograms had gained much attention (e.g Trobec 2004).
1.4 Objectives
The most recent publications about the WCSB proposed different dolomitization 
processes in the Wabamun and every one gives a different geometry, size and timing 
within the basin. Fracture associated hydrothermal karsting (Packard, 1990); sequence 
boundary associated karsting (e.g. Workum 1991); dolomite pipes after fault associated
4
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fluid flow (e.g. Majid 1989); early diagenetic dolomitization (e.g. Sailer and Yaremko 
1994) and other processes responsible for pore space enhancing as dolostone 
chertification (e.g. Packard et al. 2001). The present study will focus on the nature of the 
dolomitization within the Gold Creek Field to improve our understanding of the spatial 
distribution of reservoir areas as well the possible origin of the fluids that enhanced or 
damaged the porosity of the Wabamun carbonates within the study area. To accomplish 
the above the following objectives are proposed:
a) Determine the spatial distribution and occurrence of different types of secondary 
dolomite bodies and other diagenetic minerals and their associated porosity in 
the Gold Creek area
b) Propose the mechanism(s) involved in the dolomitization of the original calcitic 
and aragonitic components of shoal carbonates.
c) Work out the paragenetic sequence of the different types of dolomite relative to 
limestone diagenesis.
d) Deduce the source and chemistry of the dolomitizing and other diagenetic fluids 
that interacted with host limestones, using texture, geochemistry, stable isotopes, 
Sr-isotopes, fluid inclusions and relationships to burial and tectonic history.
e) Relate porosity creation/preservation to specific diagenetic processes.
f) Model of water-rock interaction through variations in trace elements and isotopes 
in different types of dolomite. Such modeling will provide critical information for 
elucidating the evolution of diagenetic fluids in the sedimentary basin.
g) Critically test and evaluate the available models of dolomite formation for 
Devonian carbonates, especially in relationship to orogenic events in the Western 
Canada Sedimentary Basin.
1.5 Hypothesis
As discussed in section 1.2, several models of dolomitization had been 
suggested for the Wabamun Group in the PRA. Although the latest studies within the 
Wabamun Group (e.g. Packard and Pellegrin 1989; Packard et al. 1990; Al-Aasm 2000 
and Al-Aasm et al. 2002), are in the same pathway of “hydrothermal dolomitization” 
which has been applied recently to other areas of the WCSB and nearby basins, with 
same MVT related fabrics (occurring in certain areas). Like in the WCSB several authors 
had documented in the past similar cases from the Michigan Basin (e.g. Barnes D. and
5
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Harrison 2001; Harrison 2001; Hickman et al. 2001; Gilhooly et al. 2000; Nadjiwon et al. 
2000 and Berger and Davies 1999). Certainly as discussed by Machel and Lonnee 
(2003) several factors have to be considered for proposing reservoir dolomites as an 
example of hydrothermal dolomites. Assuming that the hydrothermal dolomite theory is 
the more likely to occur within the area, the question “Is dolomitization at the Wabamun 
Group at the Gold Creek Field an example of Hydrothermal Dolomitization?” we will try to 
probe that the occurrence of dolomite in the area as: matrix dolomite (host), and saddle 
dolomite cementing fractures and vugs; is related to hydrothermal fluids passing through 
fault systems. To qualify as “hydrothermal”, the mineral assemblage (saddle dolomite, 
anhydrite, pyrite, quartz, bitumen) occurring in fractures and vugs and recognized as 
MVT “type” during the core sampling, need to be formed at temperatures 5-10°C higher 
relative to the surrounding host rock (e.g Machel and Lonnee 2002). If the theory that the 
pervasively dolomitized limestone (host rock) was formed by a “halo” effect of this 
hydrothermal fluids passing through faults systems (Packard et al. 1990), then this host 
dolomite will have similar geochemical signatures and homogenization temperatures 
than the minerals precipitated in the fractures which should be higher than the non- 
dolomitized calcitic components of the rock.
Paragenetic sequences constructed with the aid of petrography and CL 
observations can help differentiating early dolomitization (e.g Sailer and Yaremko 1994) 
from late or burial dolomitization (crosscut relationships between dolomites and stylolites, 
grain pressure dissolution, diagenetic fabrics, etc).
With the aid of fluid inclusions and oxygen stable isotopes thermometry, in both, 
saddle dolomite in vugs, and the host dolomite, the “hydrothermal” hypothesis can be 
better constrained (based on temperature data). Moreover stable and radiogenic 
isotopes coupled with major, minor and trace elements data can provide information 
about the fluids responsible for such dolomitization/mineralization. For geochemical 
modeling see Banner and Hanson (1990).
1.6 Research Methodology
To accomplish the objectives mentioned in section 1.3 the following methods have 
been applied
1.6.1 Petrography
Cathodoluminescence petrography is now a routine technique that can provide 
essential information on provenance (chemistry of the fluids), growth fabrics, diagenetic
6
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textures and mineral zonation, in addition improve the analysis of constituents and 
fabrics.
Most of the minerals contain impurities such as transition metal ions or rare earth 
elements in their crystal structure. The pure minerals often show no luminescence at all, 
but impurities even at concentrations of a few ppm can cause a remarkable 
luminescence, when the host mineral is excited. Normally different types of impurities are 
present in the host mineral and interact with each other. Depending on their behavior in 
the mineral, the impurities can be subdivided into activators, co-activators (sensitizers) 
and quenchers, (e.g. Marfunin 1979). Activator is an impurity, which causes the 
luminescence of the host mineral, acts as an activator. It is also called luminescence 
center (e.g. Mn2+). Co-Activator is an impurity that can only activate luminescence. If 
another certain impurity is present in the mineral. The latter one is called co-activator or 
sensitizer (e.g. Pb2+ is a co-activator for Mn2+ in calcite). An energy transfer can explain 
the process of co-activation from the co-activator. Elements that suppress luminescence 
(quench) are known as quenchers (e.g. Fe2+ is a quencher for Mn2+ in carbonates). The 
quenching process can be explained by a modification of the energy levels in the host 
mineral, which makes the luminescence activation very inefficient (e.g. Marfurin 1979)
1.6.2 Oxygen and Carbon Stable Isotopes
The stable isotopes of carbon and oxygen are the most commonly used isotopes 
in diagenetic studies of carbonates. The fluids that precipitate calcite and dolomite can 
be characterized by their isotopic compositions (e.g. Land et al. 1975). The following 
factors control the distribution of carbon and oxygen isotopes during diagenesis (e.g. 
Brand and Veizer 1981 and Anderson and Arthur 1983).
• The isotopic composition of the diagenetic fluids. Meteoric fluid (eg. rainwater), 
whose source is evaporated seawater, is typically depleted in 180  relative to coeval 
marine water. This is because of the preferred incorporation of the lighter isotope (160 ) in 
the evaporated water. Conversely, the remaining seawater becomes enriched 180
• The water-rock ratio or openness of the system. During open system behavior (e.g. 
high water-rock ratio) there is a constant supply of “fresh’’ isotopes to the fluid phase, 
whereas closed system behavior involves “recycling” of isotopes between the fluid and 
the rock. An example could be the comparison between a fresh water stream and a sub­
surface aquifer. In the last one chemical equilibrium is more likely to be reached caused 
by the higher contact surface and interaction time.
7
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• The fractionation factor which is primarily determined by the temperature at which the 
reaction occurs
• The salinity of the diagenetic fluids, which is related to precipitation/evaporation ratios 
or the interaction with evaporate minerals.
• Altitude, latitude and seasonal variations affect the 5180  composition of diagenetic 
fluids. In general, 5180  decreases with increasing altitude and latitude
Secular variations in seawater isotopic composition. In general S180  for carbonate 
minerals decrease with increasing geologic time (e.g. Veizer and Hoefs 1976). Veizer 
(1983) explained this by:
a) Diagenetic modification of the carbonates by 180  depleted meteoric water.
b) Changes in 5180  and 813C of seawater; and,
c) Increase in seawater temperature
• Biological fractionation or vital effects. Some organisms, such as crinoids and 
rugose corals, produce carbonate that is not in isotopic equilibrium with seawater.
1.6.3 Strontium Isotopes
Marine carbonates that have not been subjected to diagenetic fluids should 
record the strontium isotopic composition of the marine fluids. Based on this premise 
several workers such as Burke et al. (1982) and Denison et al. (1994), had constructed 
87Sr/86Sr curves reflecting the strontium isotopic composition through geologic time. 
During diagenesis this ratios are likely to be altered from its initial composition and 
carbonate minerals acquire their own strontium signature. Enriched or radiogenic values 
are obtained by interaction of fluids with rubidium-rich minerals such as clays and 
feldspars, which are abundant in clastic sediments. Meteoric waters passing through 
these clastic sediments can be the source of radiogenic values in the cements. Basinal 
fluids from the Western Canada Sedimentary Basin generally have more radiogenic Sr 
ratios than the marine carbonates in the basin (e.g. Mountjoy et al. 1992) and some of 
the non-characteristic ratios in carbonates may be the result of interaction with basinal 
fluids during burial.
1.6.4 Major, Minor and Trace Elements
Two important reasons for studying the chemistry of carbonates are: 1) 
carbonates are chemically reactive sediments in the geological record, which are able to 
record very small chemical changes (ppm or even ppb) during precipitation or
8
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recrystallization events. 2) The characterization of the paleo-fluids interacting with basin 
carbonates in a certain period of time is useful information for economical reasons.
Several techniques were considered for determining the chemistry of the 
Wabamun carbonates within the Gold Creek Field. Such techniques were: ICP-MS, ICP- 
OES, LA-ICP-MS and SEM. Since Laser Inductive Coupled Plasma and Electron 
Microprobe Analysis techniques allow in situ analyses and provide a high spatial 
resolution (±20 pm for SEM and ± 5pm for LA-ICP-MS), they could be useful for 
determining the evolution of diagenetic fluids after modeling, (e.g. Banner et al. 1990) 
because both bring the possibility of analyzing overgrowth and zoning in carbonate 
minerals. This possibility is reduced with the other techniques (ICP-MS and ICP-OES), 
mainly because of the lower spatial resolution provided by the diameter of the drill bit 
when pulverizing the samples for via-solution analysis. However, standard EMA has a 
limited capability to measure concentrations of less than 100 ppm, and LA-ICP-MS 
requires a relatively strong experimental design involving several trials to find the 
appropriate conditions to conduct the measurements which might not be suitable for a 
project with time and budget limitations.
Because of their chemical properties (ionic radii) and concentration in the 
parental fluid the following elements are found to substitute Ca or Ca and Mg in calcite 
and dolomite respectively: Sr, Na, Mn, and Fe. Some authors had suggested that Sr 
could be useful in timing cementation events in dolomites exposed to multiple- 
recrystallization stages, since it has a Kd <1, and therefore its enriched in the liquid 
phase. Thus, older carbonates could have lower Sr concentrations than younger ones 
(e.g. Land 1980; Bein and Land 1983; Jacobson and Udowski 1976; Moore 1985 and 
Land et. al. 1975). Na also shows a similar behavior in dolomites with aging, especially if 
they where precipitated from a high salinity fluid (paleo-salinity indicator). One of the 
hypothesis for this behavior lies in the fact that changes in the burial depths of rocks, 
force re-equilibration between the fluid and the mineral phase; and with new pressure 
and temperature conditions, these elements: strontium and sodium (both with bigger 
ionic radii than calcium) may not be at the same concentration they were in the primary 
dolomite. Sodium is present in carbonates with an average initial composition of 1000 
ppm (e.g. Land and Hoops 1973 and Morse and Mackenzie 1990). Iron and Manganese 
had been observed in recent dolomites (Paleocene) replacing strontium and sodium as 
evidence of a diagenetic modification of the precursor dolomite (e.g. Land 1985; Banner 
et al. 1988; Gao 1990; Montanez 1989; Holail et al. 1988 and Gregg and Shelton 1989).
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1.6.5 Fluid Inclusions
Fluid inclusions analyses in carbonate diagenetic studies provide the most direct 
means of examining the fluids present in ancient diagenetic environments because they 
can be seen as time capsules that store information about temperatures, pressures and 
fluid compositions. In diagenetic studies there are two common types of fluid inclusions: 
low temperature (<50 °C) liquid only inclusions and higher temperature (>50 °C) liquid- 
vapour inclusions that separate in two phases upon cooling, (Roedder 1979). Minimum 
trapping temperature for two-phase inclusions, called homogenization temperatures (Th) 
and can be determined by heating the inclusion until the vapor bubble disappears. The 
homogenization temperature represents the minimum precipitation temperature for the 
mineral that contains the fluid inclusion. Other important parameter is obtained by 
freezing the inclusion in order to produce ice and measuring the temperature at which 
the ice crystal melts (Tmice) upon reheating, the salinity of the precipitating fluids can be 
estimated (e.g. Goldstein and Reynolds 1994). Gas-bearing inclusions (C 02, CH4, N2) 
and oil may be trapped as well in microcrystalline cavities as the above described fluid 
inclusions. Oil inclusions are ubiquitous in petroleum reservoirs, and may be one-phase 
(liquid or vapor), two-phase (vapor bubble in a liquid phase) or three-phase (vapor, liquid 
and solid phases).
1.6.6 Porosity estimations
The reasons to conduct porosity measurements and the benefits of using image 
analysis techniques are documented in section 1.3
1.7 Expected Contributions
This research provides a comprehensive and detailed study of the dolomitization 
in the Wabamun Carbonates of west-central Alberta. This study will be dealing with the 
chemical characterization of the basinal fluids, using existing modeling equations for this 
purpose (e.g. Banner et al. 1990). The data will help to answer important questions on 
the origin of reservoir dolomites and porosity evolution, and hence could have a 
significant impact on petroleum exploration in the basin, because it will provide valuable 
information about the geometry and timing of formation of the dolomites bodies. From 
the academic point of view, the proposed research plan can help quantifying the role of
10
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tectonics on fluid flow history and subsurface brine composition, and the impact of 
diagenetic and hydrodynamic processes on the burial recrystallization of dolomite.
1.8 Summary
This thesis tests the various models for dolomitization in the WCSB. The 
following studies yield constraints with respect to the role of fluid flow through the 
Fammenian Wabamun Group at Gold Creek. Information obtained from this study is 
useful for future exploration within Gold Creek and similar Wabamun Plays throughout 
the basin. This study also tests an unconventional technique for porosity and 
permeability measurements.
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CHAPTER 2
Dolomitization and Geochemical modeling of the Wabamun Group at the Gold 
Creek Field, West-Central Alberta, Canada
2.1 Introduction
Gold Creek Field, located in West-central Alberta (Figure 1), produces oil and gas 
from the Famennian-aged Wabamun Carbonates. The field was discovered by accident 
in 1964 while drilling for a Leduc (Frasnian) patch reef at the southern flank of the Peace 
River Arch (PRA). The field had produced over 100 Bcf from dolomitized limestones that 
grade from bioturbated mudstone-packstones to ooidal-peloidal wackestone-grainstones. 
Most of the dolomitization models proposed for the Wabamun in the PRA invoque fluid- 
flow through fault-and fracture systems, to explain the occurrence of dolomite bodies. 
For instance Packard and Pellegrin (1989), Packard et al. (1990), Packard et al. (2001) 
proposed “Tournaisian wrench and extension structuring and fracturing" as a triggering 
factor for pervasive-dolomitization during shallow burial (0-300 m.). Based on structural 
and well-log correlation data they suggested the existence of pipe-shaped dolomite 
bodies at Parkland Field in Western BC. The substrate is believed to be partially- 
dolomitized by a near-surface process, and the dolomitization fluids are thought to be 
modified brines with different degrees of interaction with more radiogenic (87Sr/86Sr) 
substrates. Mountjoy and Halim-Dihardja (1991) based on petrographic and isotopic data 
(S13C, S180  and 87Sr/86Sr) proposed for the dolomitization of the Wabamun at Tangent 
and Eaglesham Fields a fault-controlled, intermediate to deep burial during late 
Cretaceous-early Tertiary, which is though to be caused by modified Devonian seawater 
driven by mechanical loading and seismic pumping. Sailer and Yaremko (1994) based 
on the occurrence of patch reefs underneath the Wabamun in the PRA concluded that 
these carbonate mounds induced the formation of shoals on top of them (barriers) which 
were dolomitized after reflux of slightly heavier seawater. Workum (1991) based on core 
analysis, petrographic and stratigraphic relationships proposed a meteoric induced 
dolomitization model for the Wabamun in the PRA.
The studies cited above are efforts to explain the tendency of the Wabamun to 
grade laterally from productive dolostone to undolomitized and non porous limestone 
within relatively short distances, and the heterogeneous porosity and permeability of the 
dolomite bodies.
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The aims of this study are to determine the spatial distribution of dolomite within the Gold 
Creek Field, propose the mechanism(s) involved in dolomitization, deduce the source 
and chemistry of the dolomitizing fluids and relate porosity creation/preservation to 
specific diagenetic processes. Modeling of water-rock interaction through chemical 
variations in different types of dolomite is to be addressed as well.
2.2 Previous studies
The nomenclature and lithofacies of the Wabamun Group from central Alberta 
has been described and studied by Halbertsma (1959, 1994) and (Meijer-Drees, 1987), 
where the group has been described by a series of stacked cyclical shallow water ramp 
carbonates deposited during a regressive cycle. A system of fractures developed during 
the Mississippian age has serve as conduits for dolomitizing fluids of unspecified origin, 
and then for hydrocarbons sourced from the overlying bituminous Exshaw shales 
(Stoakes 1987). Majid (1987, 1989), studied the relationship of fracturing and faulting to 
subsequent dolomitization and reservoir quality development in west-central Alberta, but 
noted that major fault trends do not coincide with dolomitization trends. For the Gold 
Creek Field (area of this proposed study), several wells produce hydrocarbons in the 
Wabamun interval where Leduc is beneath (for example: 10-5-68-4W6). Packard and 
Pellegrin (1989) and Packard et al. (1990) working on the Tangent-Eaglesham-Cindy 
area, also observed the role of hot diagenetic fluids ascending to the Wabamun where 
similarities between MVT (Mississippi Valley Type) deposits, present in other areas and 
FAHKD (Fracture Associated Hydrothermal Karst and Dolomite) are seen. The above 
mentioned FAHKD is recognized as vertically oriented aureoles in large sediment- 
occluded caverns where the development of dolomitization appear to be near- 
synchronous with the karst formation and interpreted to be resulted from the action of the 
same or closely-related hydrothermal brines (based on petrographic relationships) that 
ascended small faults and fractures prior to the close of the Banff Fm. deposition. Other 
authors interpreted the massive carbonate dissolution in the Wabamun as the result of 
subaerial exposure where dolomitization is produced in “Dorag” or “mixing water 
dolomitization” (Workum 1991).
Mountjoy and Halim-Dihardja (1991) on the basis of stable isotopes and 
petrographic relationships concluded that although the matrix-replacive and saddle 
dolomite cements in the Tangent, Eaglesham and Normandville Fields located east of 
the Peace River Arch (Devonian Wabamun Group) were both burial process-related, the
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former developed at depths of between 500 and 1500 m, and temperatures of between 
40°C and 65°C from interstitial Devonian brines expelled by mechanical compaction 
along fractures; whereas the saddle dolomite cements formed in an “deep burial” 
environment at temperatures of 100°C or greater.
Packard et al. (1992) and Packard and Pellegrin (1989) suggested that the 
hydrothermal karstification and dolomitization might have been associated with a 
Tournasian-age sea-floor fracture-vent system, related to regional extension and calc- 
alkaline magmatic activity. They speculate that juvenile C 0 2 may have played a part in 
modifying the diagenetic hydrothermal brines. Sailer and Yaremko (1994), proposed a 
early near surface dolomitization stage associated with localized paleo-heights which 
experienced subsequent hydrothermal dolomitization.
As mentioned earlier different diagenetic processes could play important roles in 
modifying reservoir properties. Silicification is one of the processes observed in the 
Parkland Field by Packard et al. (2001). They examined in detail the diagenesis of the 
Wabamun carbonates and noted that the chertification of the pre-existing pervasive 
dolomite matrix by fluids under-saturated with respect to calcite, marginally saturated 
with respect to dolomite, and over saturated with respect to silica, improve dramatically 
the porosity up to 30% and the permeability up to 37 md Kmax. Therefore, they concluded 
that fracture-associated hydrothermal karst which is one of the most important plays 
within the Wabamun group in both eastern British Columbia and western central Alberta 
had very little impact on the Parkland Field. Instead, most of the reservoir pore volume 
can be attributed to microintercrystalline porosity within pervasive replacement 
microquartz (chert) that occurs at the dolomite-limestone interface.
Previous investigations show that dolomitizing fluids were generated pre-, syn- 
and post-Laramide tectonic events, and they range in composition from marine, mixed 
marine-meteoric, burial and hydrothermal (e.g. Al-Aasm et al. 2002; Packard et al. 2001 
and White and Al-Aasm 1997). These fluids were particularly important in creating and 
damaging the porosity of the reservoir and the mineralization processes in the 
uppermost Devonian (Frasnian to Famennian) and Lower to Middle Mississippian 
(Tournasian to Visean) carbonates. Debate continues (Postma et al. 2002) as to the 
nature, source and flow mechanisms of dolomitization and other diagenetic fluids; their 
relationship to pre and post tectonic events; fluid-rock interaction; timing of dolomitization 
and relationship between dolomitization and porosity creation or destruction.
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2.3 Geological setting
2.3.1 Tectonic Setting
The Wabamun Group forms a wedge-shaped unit that thins eastward from the 
margin of the thrust-fold belt, ranging from the argillaceous carbonates deposited under 
the influence of the Prophet Trough (a northwest-southeast oriented trench in what is 
now eastern British Columbia) to anhydrites and siliciclastics towards the shoreline in 
present western Saskatchewan (e.g. Andrichuk 1960). During the Wabamun deposition 
the most conspicuous tectonic element was the Peace River Arch (PRA); which initially 
formed during the development of the Upper Proterozoic trailing margin, and represents 
the cratonic extension along the pre-existing crustal weakness of a transform fault zone 
associated with an active oceanic spreading centre (e.g. O’Connell et al. 1990). By mid- 
Paleozoic time the Arch was a passive asymmetric basement high. Inundation appears 
to be a gradual process that commenced in the Middle Devonian (Eifelian). More active 
and terminal collapse of the arch and structural delineation of the embayment may have 
commenced in the late Famennian and evidence of extensional tectonics from the Gold 
Creek at the moment of Wabamun sedimentation is reported by Barret (2003). Such 
extensional tectonics induced the collapse an underlying Leduc Fm. at Gold Creek which 
reaches its peak at Debolt deposition time (ibid).
Other important tectonic elements affecting the Wabamun deposition were the 
surrounding cratonic basins. The farthest basinward sediments are contained in the Liard 
Basin and in the outer shelf or basin slope settings in northeastern British Columbia. 
Shelf sediments occur on the Hay River and Alberta inner shelf areas, separated by the 
Peace River Arch. The Smoky River Sub-basin is developed on the Alberta inner shelf 
area just south of the Peace River Arch. Infilling carbonates reflect a slight deepening of 
the environment. Along the deformed belt, the Sukunka Uplift in the northern Rocky 
Mountains separates deeper sediments of the Liard Basin from those of the Sassenach 
Sub-basin in southeastern British Columbia. Inner shelf carbonates, evaporites 
(Sweetgrass Arch area) and elastics occur to the southeast and east in a more landward 
position. More restricted elastics occur in the eastern-most Colevillel Sub-basin, which is 
developed on the Saskatchewan inner shelf (e.g. Halbertsma 1994).
2.3.2 Stratigraphy and sedimentology
The subcrop Wabamun Group is divided into the Stettler and Big Valley 
Formations (Table 1), and is represented in the Rocky Mountains of Alberta by the
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Palliser Formation which is divided by two major unconformities, the Morro and Costigan 
Members. The Techo and underlying Kotcho formations of British Columbia are 
stratigraphical equivalents of the Wabamun as the Torquay formation in Saskatchewan 
which can be subdivided into six units, of which the middle unit is possibly the equivalent 
of the Normandville Member of Alberta (e.g. Halberstma 1994).
Halberstma and Meijer-Drees (1987) divided the Wabamun of West-central 
Alberta in four members, in ascending order they are: Dixonville, Whitelaw, Normandville 
and Cardinal Lake. The Big Valley formation is eroded over and north of the Peace 
River Arch. It is, however, widely developed over central and southern Alberta and 
overlies the Stettler-equivalent Torquay Formation in Saskatchewan. The Torquay, Big 
Valley and Bakken formations of Saskatchewan together comprise the Three Forks 
Group. Famennian Wabamun sedimentation in the Western Canada Sedimentary Basin 
represents an overall regressive sequence punctuated by several important 
transgressive pulses (e.g. Halberstma 1994)
The initial Dixonville transgression is particularly well manifested on the Liard 
Basin slope, as a westward thinning wedge of open-marine carbonates (Tetcho 
Formation). The Normandville transgression forms a similar wedge of sediments higher 
up the ramp and on the shelf, where it is best known as the upper part of the Crossfield 
Member. Close-of-Wabamun sedimentation was marked by a final transgression during 
Big Valley deposition.
The Peace River Arch was almost covered by onlapping Normandville strata. A 
high percentage of the Normandville strata are grainstones of beach origin, containing 
peloids formed at the foreshore. Winnowed grainstones may have been transported to 
other parts of the shelf. Dolomite is present in the Normandville and Cardinal Lake units 
in a north-south-trending belt through central and southern Alberta,
The overlying regressive Cardinal Lake deposits are muddier than the peloidal 
Normandville carbonates, grading from packstones to supratidal carbonates with 
birds’eye structures, crypt-algal laminates, stromatolites, breccias and dolomites. The 
upper Cardinal Lake limestones in northern Alberta are particularly muddy, resembling 
the nodular Whitelaw wackestones. Erosion has removed considerable sections of the 
upper Cardinal Lake, in particular in the Peace River Arch area. In southeastern Alberta, 
Cardinal Lake carbonates grade into evaporites along the supratidal belt common to all 
Stettler units.
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Correlation of Palliser/Wabamun rocks with age-equivalent units in the United States is 
handicapped by lack of faunal evidence in Canada, conodonts in particular. Recently, 
efforts have been made by Richards et al. (1991) and Meijer Drees and Johnston (1992) 
to rectify this problem.
2.4 Methodology
Nine cored wells from the Gold Creek Field (Figure 1) with a northwest southeast 
trend orientation were sampled at the Alberta Energy Utilities Board in Calgary, taking 
into consideration location (on Leduc and off Leduc), diagenetic features and 
depositional fabric. Seventy seven rock samples where cut and seventy two thin sections 
for petrographic studies where made. Also approximately one hundred and twenty 
photographs of cores and samples where taken, most of them stained with a mixture of 
alizarin red and potassium ferricyanide (e.g. Dickson 1965). Thin sections were 
examined under a standard petrographic microscope. Cathodoluminescence microscopy 
(CL) was carried out using a Technosysn cold cathodoluminescence stage with 12-15 
KV beam a current intensity of 420-440 mA on the non stained halves of thin sections. 
Ultraviolet and blue-violet fluorescence was studied with a Nikon EPI Ultraviolet 
Fluorescence stage connected to a petrographic microscope.
Different generations of calcite and dolomite were sampled using a micro-drilling 
assembly. Carbon and oxygen stable isotopes, strontium isotopes and trace elements 
analysis were conducted from the same powdered mineral phases.
For major, minor and trace elements analysis a mixture of 5 mL of 5% H N 03 acid and 
0.1 to 0.2 grams of carbonate were left to react, at room temperature, for 24 to 48 hours. 
The insoluble residue was then separated from the mixture and dried in an oven. The 
remaining solutions were taken to a volume of 30 mL, using 1% H N 03 before being 
filtered. Elemental concentrations of the following elements (% precision) were 
measured calcium (8.6%), magnesium (2.4%), iron (3%), manganese (2.9%), strontium 
(3.2%), sodium (9%), aluminum (3.9%), boron (2.8%), barium (3.3%), beryllium (1.3%), 
bismuth (7.3%), cadmium (7.4%), cobalt (6.1%), chromium (3.2%), copper (2.6%), 
potassium (8%), nickel (5.9%), lead (9.4%), selenium (7.2%), tin (7.9%), titanium 
(3.17%), vanadium (2.3%), and zinc (2.6%) using a Thermal Jarrel Iris Advantage optical 
emission spectrometer at the Great Lakes Institute for Environmental Research (GLIER) 
in the University of Windsor. The conditions were as follows: low auxiliary gas, 1150 RF 
Power, 20 psi nebulizer pressure, 130 rpm flush pump rate, 0 seconds relaxation time, 3
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repeats, 15 seconds delay time, 40 seconds sample flush time, CID Max integration: 30 
nanometers low wavelength range and 5 nanometers high wavelength range.
For stable isotope analysis between 0.5 and 5 mg of the sample (n=84) was reacted in 
vacuo with 100% phosphoric acid. Reaction times for calcite and dolomite where 4h at 
50°C for dolomite and at 25°C for calcite. Mixed calcite and dolomite samples were 
subjected to the techniques described by Al-Aasm, et al. (1990). The evolved C 0 2 (g) 
was analyzed for isotopic ratios on a Delta Plus mass spectrometer. Carbon and oxygen 
delta values are reported relative to the Vienna Pee Dee Belemnite (VPDB) standard. 
Precision was better than 0.05%o for both 813C and 81sO. Strontium isotopic ratios were 
analyzed for selected calcite and dolomite samples (n=12) in a Finnigan MAT 261 mass 
spectrometer. All analyses were performed in the static multicollector mode using Re 
filaments. NBS and ocean water where used as a standard references and 88Sr/86Sr 
ratios were normalized to 88Sr/86Sr = 8.375209. The mean standard error was 0.00003 
for NBS-987. Fluid inclusion analyses were carried out for fourteen double-polished thin 
sections on a Linkam THM 600 heating-freezing stage that was calibrated using Fluid Inc. 
synthetic standards. Homogenization temperatures (Th) were measured for the different 
dolomite types and for calcite and anhydrite as well. Even though it is viable to measure 
two-phase fluid inclusions in sphalerite, this could not be accomplished with confidence 
since the high reflective index of this mineral caused the inclusions to look opaque and 
not suitable for measurement under regular experimental conditions. Melting 
temperatures (Tm) were only measured for inclusions that were large enough (at least 
10 microns) to see the phase change with accuracy. Salinities were calculated using the 
Bodnar (1993) equation and pressure correction were calculated assuming a geothermal 
gradient of 30°C/Km and hydrostatic pressure for the H20-NaCI system.
1.5 Diagenesis
At Gold Creek Field the Wabamun Carbonates show a strong diagenetic 
overprint. Dolomitization, fracturing, and dissolution were responsible for modifying most 
of the reservoir porosity (fractures, intercrystalline and vuggy). Early diagenetic events 
observed in the undolomitized portions of the Cardinal Lake Member (e.g. equant calcite 
cementation) prior to mechanical and chemical compaction greatly reduced the original 
porosity of the limestone. Barret (2003) using 3-D seismic interpretations, postulated 
that the underlying Leduc patch reef collapsed towards its core as early as Wabamun 
deposition and reaching a maximum of collapse in early Mississippian time, producing
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almost 33 m (100 ft) relief from the outer edge towards the reef core. The collapse 
produced a thickening of Debolt and Shunda formations and a diagenetic overprint of the 
original Wabamun depositional lithofacies at Gold Creek, Figure 2A.
The following represents the Wabamun members (e.g. Halberstma and Meijer- 
Drees, 1987) that were encountered in this study:
• Dixonville Member: the lowermost unit of the Wabamun Group is completely 
dolomitized at the Gold Creek Field and overlies Nisku and Leduc reefs. At the top of 
the Dixonville the peloidal laminated grainstone facies shows some syn-depositional 
structures, intraclast and hardgrounds. Float-breccia-like fabric is frequent at the 
base of the unit where 10 to 30 cm thick calcite and anhydrite-cemented 
subhorizontal fractures are evident.
• Whitelaw Member is partially to completely dolomitized and is represented by dark- 
colored laminated dolopackstones interbedded with anhydrite beds (< 1m). A good 
example of this is the interval between 3354 and 3368 m from well 10-25-67-5W6.
• Normandville Member: is notable for the occurrence of small stromatoporoid 
(Labechiid) reef-mounds in the Peace River Arch area. At Gold Creek Field, off-reef 
facies might be present in the wells 9-30-68-5W6 (depth 3280 to 3290 m) and 10-05- 
68-4W6 (depth 3225 to 3235 m). The facies are dolomitized and the original fabric 
has been completely obliterated. In general, a shallowing upwards dolomitized and 
bioturbated wackestone units were observed with abundant crinoids and ostracods at 
the bottom.
• Cardinal Lake Member: Is mainly compose of partially dolomitized to pervasively 
dolomitized rocks and seems to be present at the majority of the wells studied. The 
Upper Cardinal Lake at Gold Creek can be described as bioturbated, peloidal 
dolopackstones to dolograinstones with stylo-nodular fabric. Mudstones with well- 
preserved peloidal fabrics represent the Lower Cardinal Lake.
2.5.1 Dolomite Petrography
Dolomitization is by far the main diagenetic process at Gold Creek. In this study 3 
main groups of dolomite are observed: matrix replacive dolomite, dolomite cement and 
compaction-related dolomite. Figure 3A shows the different dolomite types found in this 
study. Dolomite textures were described following Sibley and Gregg (1987) dolomite 
classification.
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.5.1.1 Matrix Replacive Dolomite
Dolomite is found replacing calcitic components or compaction-related dolomite
and can be divided into:
• Matrix Replacive Non Planar Dolomite (MRNPD): This type of dolomite (Figure 3A-
1A) constitutes at least 50% (based on visual estimates) of the overall dolomite
volume. Interlocking crystals often show clear rims and cloudy cores and they 
average 100 pm in size. Crystal size did not differ that much between stratigraphic 
horizons, suggesting a common nucleation substrate. This dolomite pervasively 
overprints the original limestone. However, relic fabric is occasionally visible. When 
exposed to UV-light this dolomite appears as a green massive mass where no crystal 
boundaries can be recognized. Under CL the matrix showed a bright red dendritic 
pattern which crosscuts dull red dolomite crystals (Figure 4-1).
• Matrix Replacive Planar Dolomite (MRPD): constitutes about 20% of the overall
dolomite volume at Gold Creek and is found replacing earlier types of dolomite
(Floating dolomite rhombs) or ooidal fossiliferous limestone. Euhedral to subhedral 
dolomite rhombs ranging from 80 to 300 pm are believed to replace coated grains 
(Figure 3A-6) or earlier dolomite generations (e.g. burrow related dolomite) as shown 
in Figure 3A (4-5). Frequently, MRPD shows inclusions (<2 pm) of a dark mineral 
suspected to be magnetite. When replacing burrow-related dolomite and/or 
sediments MRPD is finer in size, ranging between 30 and 150 pm. Early burrow- 
filling dolomite occurs in non pervasive dolomitized strata, suggesting that it may 
become chemically unstable and prone to recrystallization under different diagenetic 
regimes (Tucker and Wright, 1990). Under luminescence (UV and CL) MRPD reveals 
the original limestone fabric (mimetic) as can be seen in Figure (3-6). Under CL it 
shows dull red cores with faint overgrowth zonation. Figure (4-2) shows (A) MRPD 
composing the matrix and following fossil fragments (D). In the same thin section 
vug-riming cement (B) occurs with bright red zonation (C). This different dolomite 
type is often associated with MRPD generation (section 1.5.1.3)
• Saddlerized Matrix: Matrix dolomite crystals showing sweeping extinction and 
averaging 200 pm are found replacing earlier dolomite generations and/or calcitic 
components. In the Figure 3A (2-3), is shown how fracture-lining saddle dolomite 
diffuses in the matrix creating a saddlerized front. This front appears under UV light 
(Figure 3A-3) as an irregular white stripe. Saddlerized matrix dolomite represents 
approximately 10% of the total dolomite volume at Gold Creek. Under non polarized
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light crystals are lighter than the non-planar dolomite, usually from tan to white. 
Under CL the same “diffusion” pattern is observed varying from dull red to non- 
luminescent cores with faint overgrowth.
• Floating Dolomite Rhombs: Scattered dolomite rhombs occur in micritic matrix where 
skeletal fragments retain some of their internal structure. Crystals range in size from 
20-80 pm, are light to dark brown in color and are often euhedral in shape. 
Volumetrically this dolomite type is irrelevant, however clearly predates all other 
dolomite types (Figure 5B -B). Under UV light crystals turn into light yellowish green 
while under CL crystals show faint luminescence.
2.5.1.2 Compaction-Related Dolomite
This type of dolomite includes, dissolution seam, stylolite-related and inter-
nodular dolomite (as described in Packard et al., 2001). Figure 3B shows their lithofacies
occurrence and petrographic characteristics.
• Dissolution Seam Dolomite: This type of dolomite is genetically linked to chemical 
compaction so it is commonly embedded in a matrix of insoluble residues, Figure 3B 
(-7A, -11E). This dolomite is associated with horsetail stylolites which have a different 
timing compared to bed-parallel stylolites (Figure 5). Dissolution seam dolomite is 
characterized by near euhedral crystals between 20 and 100 pm in size. Both 
dissolution seam and stylolite-related dolomite constitutes about 5% of the overall 
dolomite in volume and occur in limestone or partially dolomitized limestone. Crystals 
appear as light yellowish green when exposed to UV-light and show weak red or faint 
luminescence when observed under CL.
• Stylolite-Related Dolomite: Occur along bed-parallel stylolites. Relatively small 
crystals (10-50 pm) form clusters or occur as isolated euhedral crystals reaching 
larger sizes (80-150 pm), Figure 3B (-10). Like seam-dissolution dolomite it occurs in 
non-pervasive dolomitized sections (early dolomite?). Crystal clusters are pale yellow 
under UV light and did not show any CL luminescence.
• Internodular Dolomite: Occurs between nodules of non-planar dolomite and is one of 
the two main components of the stylo-nodular fabric. Dolomite crystals (averaging 
100 pm) are smaller than the non-planar dolomite that is found in the nodules 
(MRNPD). Figure 3B (-9) shows the non-planar matrix of the nodules (C) and the 
finer Internodular dolomite (B). Their characteristics are very similar to the 
dissolution seam dolomite (often embedded in a non-soluble residue matrix, near
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euhedral crystals) since both might be formed by the same chemical compaction 
process, but not necessarily at the same time. Crystals appear as light green masses 
with indistinct crystal boundaries when observed under UV light. Under CL these 
crystals showed faint luminescence. Extensive nodular fabric in the Wabamun at 
Gold Creek could indicative of phreatic marine diagenesis (e.g. Tucker and Wright 
1992)
2.5.1.3 Dolomite Cement
Dolomite that occurs as cement in fractures or dissolution vugs occurs within the
following fabrics:
• Fracture-lining Saddle Dolomite: Two generations of saddle dolomite are recognized 
cementing sub-vertical fractures (Figure 3A, -1-2-3), their only petrographic 
difference being their luminescence characteristics. However, it was noticed that the 
cores and overgrowth of the first saddle dolomite generation (first towards the host 
rock) are richer in single phase fluid inclusions, while for the second generation 
(second growths towards the fracture), are less cloudy and fluid inclusions are 
preferentially liquid-vapor. The first generation exhibits pale-brownish cores while the 
overgrowth is yellowish-green when exposed to UV light. Fluid inclusions are not 
luminescent. The second generation which apparently is an overgrowth of the first 
generation, fills  the  fracture and shows no fluorescence under UV. However, fluid 
inclusions are hydrocarbon-rich (blue-green color, Figure 8a). The same 
characteristics observed under UV light are observed under CL for both types of 
saddle dolomite, which means that the inner or first dolomite generation shows bright 
red zoning while the outer or second generation showed no zoning. Figure 4 (-4), 
shows zoned saddle dolomite in zebra type fabric (A) and (B) associated 
(concomitant) pyrite.
• Vug-riming: Euhedral dolomite is commonly occluding or cementing dissolution vugs 
that occur in the Wabamun at Gold Creek Field. The dolomite crystals are visible to 
the naked eye; reaching sizes of up to one centimeter. Planar-e cements are white to 
ochre. Under UV light crystals appear as light yellowish green in the overgrowth while 
the core is yellow to pale orange. Crystals show strong zoning under CL, alternating 
dull to bright red overgrowth. Figure 4 (-3) shows (A) non-planar massive dolostone 
host and (B) vug-riming planar-e cements.
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2.5.2 Other Common Diagenetic Minerals
2.5.2.1 Calcite Cementation
Calcite occurs frequently in undolomitized Wabamun units and is frequent as 
fracture filling across the whole Gold Creek area. Calcite occurs as early isopachous rim 
cement around peloids and skeletal fragments in grainstones and wackestone facies, as 
equant calcite cement and as fracture-filling blocky calcite spanning the majority of the 
lithofacies at Gold Creek.
• Isopachous Cement: This type of cementation is only found in the Cardinal Lake 
Member were undolomitized grainstones and wackestones are composed of peloid, 
brachiopod and crinoid fragments. Isopachous cement is clear, non-ferroan with 
bright green colour (UV) and commonly does not exceed 10 pm of acicular 
cementation (Figure 5B, -A). Needle-like crystals appeared to be non-luminescent 
under cold cathodoluminescent light. This cement does not show pendant or 
meniscus morphologies and clearly predates compaction, likely indicating 
precipitation under a marine phreatic environment (e.g. Steinhauff, 1989).
• Equant Cement: Frequently found as interparticle, intraparticle and occluding
fractures. This non-ferroan mineral phase varies between 50 and 500 pm and when 
in larger crystals has a few fluid inclusions. Bright yellowish cements are shown 
under UV-light. It is also poorly zoned varying from orange-red to dull under CL. 
Equant cement post-dates isopachous cementation, micritization (section 1.5.6) and 
clearly predates the first generation of stylolite, Figures (5 -C and 7 -4).
• Blocky Cement; This is the most common type of calcite cement in the studied rocks. 
Found as void-filling and fracture-filling cement. Clear crystals range in size from 500 
to 1 000 p m a nd u p. This c alcite t ype i s n on-ferroan, s lightly g reen u nder U V a nd 
usually concomitant with anhydrite, pyrite and sphalerite. Under CL no luminescence 
was observed.
• Gash Cement: Fibrous calcite cement is found associated with extensional micro­
fractures and in association with stylolization and other compaction-related features 
(Figure 7, -5). White crystals can be up to 1 mm in size. Gash cement is pale 
greenish blue when exposed to UV or BV (blue-violet light) and dull red crystals do 
not show zonation under CL. At a micro-scale they show stylolite-like structures, and 
in general they appear concurrent with larger amplitude stylolites.
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2.5.2.2 Anhydrite
Anhydrite occurs in two main crystal habits in the Wabamun at Gold Creek: 
Blocky and Fibrous.
• Blocky Anhydrite: Commonly filling sub-vertical fractures and occurring as massive
crystals of a presumably diagenetic origin. Anhydrite is white, and large crystals (up
to 1000 pm) have relatively few fluid inclusions (Figure 6B -11).
• Fibrous Anhydrite: This anhydrite is found in association with saddle dolomite and
blocky calcite cementing sub-vertical fractures. Thin anhydrite show needle-like 
crystals, which are fluid inclusion rich and appear to be the first cementing phase, 
since calcite and saddle dolomite often are found near the center of the fracture while 
anhydrite occurs near the host rock wall (Figure 6B -12).
2.5.2.3 Iron bearing minerals
Pyrite, sphalerite and chalcopyrite occur almost exclusively in sub-vertical 
fractures at Gold Creek (see Figure 5B -K). Cubic pyrite occurs in almost all horizons, 
occluding dolomite intercrystalline porosity, and is typically smaller than 20 microns. 
Planar dolomite often shows inclusions within the crystal structure (Figure 3A -5) of 
opaque minerals. Octahedral sphalerite crystals over 2 pm in size are rich in fluid 
inclusions (Figure 6B -10). Under UV-light sphalerite displays bright yellowish green 
color luminescence. Chalcopyrite is rare in the study area.
2.5.3 Compaction
Physical compaction commonly occurs within the first 100 m of burial and as 
sediments compact, they dewater and experience a decrease in porosity and thickness. 
Carbonate sediments can compact about a half of their original volume, therefore 
porosity decreases significantly during this stage (e.g. Choquette and James 1987). In 
limestones such reduction advances until a self-supporting framework is achieved at an 
average porosity of 40%.
The Upper Wabamun sediments (Cardinal Lake Member) show a relatively rapid 
cementation prior to major compaction, (Figure 5B -A). Further near-surface diagenesis 
contributed to the development of a nodular wackestone-packstone fabric which is widely 
observed in the study area and frequently associated with the onset of horsetail stylolites 
(chemical compaction). Such nodular fabric was described before in the Wabamun at the
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PRA (e.g. Mountjoy and Halim-Dihardja, 1991 and Packard et al. 2001), and is regarded 
as a product of early substratal marine lithification. Packard (ibid) pointed out that the 
significance of the wide occurrence of such fabric in the Wabamun Carbonates had two 
important impacts on the reservoir development. First the recognition that the Wabamun 
sediments had lateral and vertical anisotropic permeability and second the fact that the 
“sediment pile" was established very early on, facilitating “brittle failure and fracturing that 
in turn provided the conduits for dolomitizing fluids” . Evidence for early fracturing is 
shown in Figure 5B (-C).
Chemical compaction (pressure solution) begins during the latter phases of 
mechanical compaction continuing in the metamorphic realm. Stress increases mineral 
solubility at grain contacts, causing dissolution. In addition, clay minerals embedded in 
the carbonate matrix may enhance or reduce the carbonate solubility (depending on the 
clay type). Other factors that influence the timing and course of pressure solution include 
the burial depth, pore water composition, grain mineralogy, and organic matter content. 
Depending on the interaction of these factors, pressure solution in carbonate rocks may 
begin within a few tens or several hundred meters. Where dolostones are associated 
with limestones, the latter are more susceptible to pressure solution because the 
solubility of calcite at grain contact is greater than that of dolomite (e.g. Tucker and 
Wright 1992).
Pressure solution textures are very diverse and include stylolites, sutured seams, 
isolated or fitting nodules, non sutured seams, and pseudo bedding (e.g. Choquette and 
James 1987; Bathurst 1975)
The Wabamun carbonates at Gold Creek showed at least 4 generations of 
stylolites. Low amplitude stylolites crosscutting early fractures (Figure 5B -C) in 
undolomitized Wabamun intervals are recognized as the first generation. The second 
generation consists of horsetail stylolites associated with nodules (stylonodular fabric). 
The third generation of stylolites crosscut non-planar dolomite nodules (Figure 5B -D). 
Unlike the other stylolite generations, a fourth generation has a preferential inclination of 
45 degrees.
2.5.4 Micritization
Undolomitized sections of the Upper Wabamun (Cardinal Lake Member) are 
composed of peloidal and skeletal mudstones. In such lithofacies partially micritized 
fossils reveal burrowing and encrustations as a first stage of the micritization phenomena.
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Literature dealing with this subject is well documented by Friedman et al. (1992). 
Recrystallization of ooids and skeletal fragments to peloidal limestones is sometimes 
truncated by the action of encrusting and burrowing organisms, Figure (5 -A) shows a 
skeletal fragment were a well preserve internal structure show signals of burrowing.
2.5.5 Dissolution
The formation of moldic porosity is the first dissolution event observed at Gold 
Creek. However almost all moldic porosity caused by the dissolution of aragonite or high- 
magnesium calcite, represented by fossils as echinoderms and algae in the mudstone- 
packstone facies observed at the Cardinal Lake Member has been effectively filled with 
cement, (Figure 5B -A). In some horizons, planar-e dolomite rhombs can be observed 
filling voids, thus preserving the vug shape. Saddle dolomite occurs as void-filling 
cement as well which might be an important clue to the diagenetic history of the study 
area. However moldic porosity contribution to the overall porosity in the Wabamun at 
Gold Creek is poor compare to intercrystalline porosity.
At Gold Creek, dissolution vugs are frequent in certain wells on top of the Leduc, 
where thin-randomly oriented fractures occur. Such dissolution vugs are characterized 
by saddle dolomite or a euhedral dolomite generation occurring as riming cement. Pyrite, 
chalcopyrite, bitumen and quartz were found as accessories of the above vug-cementing 
phases. This vuggy porosity development was described by Packard et al. (2001) for the 
Wabamun at Parkland Field (NW British Columbia) and recognized as “Fracture 
Associated Hydrothermal Karst”. Davies (1997) documented this dissolution 
phenomenon and associated lithofacies in terms of textural and mineralogical 
associations. The characteristics for such vuggy porosity development (FAHK) are 
consistent with the observations made in some wells at Gold Creek (10-25-67-5W6, 2nd 
core; 10-32-67-4W6, 1st core; 6-17-68-4W6, 7th core and portions of the 1st core in well 9- 
30-68-5W6). Churcher and Majid (1987) recognized similarities between the Wabamun 
Play at the PRA and Albion-Scipio Play in North-east Michigan where hydrothermal fluid- 
flow is believed to play an important roll in the development of these MVT-type textures.
2.5.6 Fractures and Breccias
At least three generations of fractures are observed at Gold Creek. The first 
generation consists of to 0.1 to 1 cm wide veins with sub-vertical orientation and filled 
with equant calcite cement. These fractures are crosscut by low amplitude stylolites, and
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are indication of an early diagenetic phenomenon (Figure 7 -4). As shown in Figure 7 (-7), 
extensional fractures are crosscut by low amplitude stylolites, probably as a result of 
early extensional tectonics (see rip-up clast in Fig. 7-7). The second generation of 
fractures are randomly oriented and often cemented by saddle dolomite. However, 
calcite, anhydrite, pyrobitumen and sulfides occur as well (Figures, 5 -E and 7 -2). These 
randomly oriented fractures are seen in wells that are in the corresponding collapsed 
areas of the underlying Leduc reef and reproducing a distinctive pattern that resembles a 
“packbreccia” (e.g. Morrow, 1982). They occur in pervasively dolomitized host rocks 
composing a zebra-type fabric. These fractures diffuse within the host matrix creating a 
front of saddlerized dolomite, and often completely occluding the fracture and creating a 
clast-like fabric. However, no rotation is seen in the host rock “clasts”. The size of such 
veins (2nd generation fractures) ranges from 1 mm to 10 mm in width and can be traced 
several centimeters before merging with other veins. When fractures merge together 
there is a vuggy porosity development with large saddle dolomite cements, (Figure 7 -2). 
The mechanism on how these fractures are created is unclear, however it seams that 
they are triggered by extensional tectonics (e.g. Parnell et al. 2000). The third generation 
of fractures is sub-vertically oriented and can be up to 10 cm in width. These fractures 
are occluded with blocky calcite, anhydrite, saddle dolomite, pyrobitumen and sulfides.
2.5.7 Hydrocarbons
Pyrobitumen is found in two different diagenetic scenarios at Gold Creek,. Firstly, 
it is seen occluding dolomite intercrystalline porosity and secondly it occurs concurrently 
with the formation of fracture-lining saddle dolomite and is associated with MVT-type 
textures at some pervasively dolomitized and fractured sections. One of the saddle 
dolomite generations found in this study contain hydrocarbon-rich fluid inclusions (Figure 
6B).
2.5.8 Paragenesis
Based on petrographic relationships a paragenetic sequence of the Wabamun 
Group at Gold Creek is proposed in Figure 5. The earliest phases of diagenesis were 
cementation and compaction of ooidal-peloidal-skeletal limestones as shown in Figure 
5B (-A), which probably took place in a marine phreatic environment. The same figure 
also shows a relatively rapid cementation prior to physical compaction (see grain
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contact). Fine acicular cements are evident when equant calcite crystals (20-100 pm) 
show no optical continuation.
Some bivalve shells were cemented by equant calcite cement with poor drusy 
mosaic development. Dissolution of the original carbonate took place prior to 
cementation (see Figure 5B -B). Selective dolomitization Figure 5 (B -B) can be seen in 
mudstones of the Cardinal Lake Member. These floating dolomite rhombs probably 
formed during early burial by replacement of high magnesium calcite (e.g. Tucker and 
Wrght 1990)
Figure 5 (B -C) shows a subvertical vein filled with blocky calcite cement (10-50 
pm) which is crosscut by a low amplitude stylolite. Thus, indicating fracturing prior to 
chemical compaction. Stylolites also postdate nodules of non-planar matrix dolomite 
(Figure 5B -D)
Randomly oriented veins (Fractures II in section 2.5.8) filled with calcite, saddle 
dolomite, anhydrite, sulphides and pyrobitumen occur postdating pervasive 
dolomitization. This type of lithofacies develops a breccia-like fabric (Figure 5B -E).
Fibrous anhydrite and pyrite are a common mineral assemblage occluding sub­
vertical fractures at Gold Creek (Figure 5B -F).
Saddle dolomite occurs in two different stages at Gold Creek, occluding primary 
porosity (Figure 5B -G) and filling subvertical fractures. When filling fractures saddle 
dolomite shows strong zonation and often occurs associated with pyrite (Figure 5B -J).
Like saddle dolomite planar-e dolomite which enhances the Wabamun porosity 
also occurs in two different diagenetic stages (different timing?). Firstly occurs as a vug- 
filling cement, and secondly as a replacement of compaction-related dolomite (Figure 5B
-I)
Sulphides minerals often occur filling fractures (2nd and 3rd generation fractures). 
In order of abundance these minerals are: pyrite, sphalerite and chalcopyrite (Figure 5B -
I)
Sub-vertical fractures (3rd generation) crosscutting horsetail stylolites often show 
fracture lining saddle dolomite with a melange of pyrite, pyrobitumen, and calcite 
occluding the fracture (Figure 5B -L).
2.5.9 Fluid Inclusions
The approach for fluid inclusion analysis proposed by Goldstein and Reynolds 
(1994) was considered for different Wabamun dolomite generations and other diagenetic
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phases at Gold Creek. Homogenization and ice melting temperatures for different FIA 
(Fluid Inclusion Assemblage) where measured in chips of thin sections made exclusively 
for such purpose. One of the considerations taken into account for measuring such 
assemblages was to locate more than 2 fluid inclusions within the same “spot” or field in 
the crystal (rarely they where in the same visual field of the microscope) where no 
obvious signs of fractures or healing could be seen. Other important consideration was 
to disregard FIA where temperatures varied significantly (5°C or more) within the same 
assemblage, which might be produced by “stretching” or perhaps because more than 
one generation of FI was measured at the same time. Its worth to mention as well that 
Th were measured at least twice (prior cooling to ambient temperature before reheating) 
and for the majority of the samples variations in homogenization temperatures were 
always less than one degree Celsius. However saddle dolomite fluid inclusions in the 20 
jam range were the exception since they consistently experience a decrease in Th for 
each measurement. In this case just the first Th value was taken as the valid one. 
Figures 6A, and 6B shows FI in dolomites and other mineral phases while Figure 6C 
shows FI histograms for uncorrected homogenization temperatures.
As is shown in Figure 6A fluid inclusions were larger and more frequent in calcite 
than in dolomite, therefore criteria to recognize them as primary, secondary or pseudo­
secondary was applied with more confidence. Matrix dolomites at Gold Creek showed 
brownish cloudy cores under polarized light (Figure 3 -5). Such cores were found to be 
rich in single-phase FI which some authors recognize as product of evaporative-reflux 
dolomitization (e.g. Allan and Wiggins, 1993). However the overgrowth for matrix 
dolomites appeared clear and showed low density of fluid inclusions which were liquid- 
vapor and occasionally liquid-vapor-solid. Inclusions in the overgrowth were in the most 
of the cases <10 pm in size (Figure 8a -5 and -6), and in rare cases they reached the 10 
pm -  20 pm range. Fracture-lining saddle dolomite from well 10-32-67-4W6 (3290 m -  
3330 m / core 1) showed to be different from the other Wabamun saddle dolomites since 
it had very distinctive FI characteristics which permitted the recognition of two different 
saddle dolomite generations. Towards the host dolostone a zoned (UV and CL) dolomite 
was recognized as a first generation, (Figure 6B -9). Such generation diffuses in the 
matrix creating a “saddlerized front". The former showed no hydrocarbon-bearing fluid 
inclusions and lower density of FI in the overgrowth when compared to the second or 
occluding generation (Figure 6B -7 and 8). The second generation of saddle dolomite
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occurred occluding fractures in zebra type fabric, showing no luminescence under UV or 
CL but featuring hydrocarbon-rich fluid inclusions (Figure 6B -7 and 8).
Fluid inclusion data and histograms (Figure 6C) will be discussed in section 1.6.2. 
The following summarizes fluid inclusion data for the Wabamun at Gold Creek:
• MRPD: Corrected homogenization temperatures (n=12) ranged from 137°C to 143°C, 
averaging 141.5.
• MRNPD: Corrected homogenization temperatures (n=12) ranged from 123.5°C to 
135°C, averaging 126°C.
• Saddle dolomite: Corrected homogenization temperatures for inclusions in two 
fracture-lining saddle dolomite generations (n=2, for each generation) ranged from 
174°C to 268.4°C (205.5°C average) for the first generation (non-HC’S), and from 
146°C to 148°C (147°C average) for the second saddle dolomite generation (HC’S). 
Ice melting temperatures for the two saddle dolomite where -14.0°C (17.8 wt. % of 
NaCI) and -14.2°C (18 wt. % of NaCI) first and second, respectively. Hydrocarbon 
fluid inclusions are shown in Figure 6B and fluid inclusion histograms in Figure 6C.
• Blocky calcite: in fluid inclusion assemblages (n=6) homogenization temperatures 
(Th) where found to be between (n=8) 146°C and 168°C (156°C average) and ice 
melting temperatures between -15.0°C and -15.5 °C, which is equivalent to 18.6 
wt.% NaCI and 19 wt.% of NaCI respectively.
• Blocky Anhydrite: Homogenization temperatures for fluid inclusion assemblages 
where found to be between (n=7) 124°C and 129°C (126°C average).
2.5.10 Dolomite Geochemistry
Carbon, oxygen and strontium isotope ratios (513C, S180  and 87Sr/86Sr) were 
measured in this study along with major, minor and trace element concentrations. In 
general, carbon and oxygen stable isotope composition of dolomites, their diagenetic 
trends, their secular variations and the thermodynamics governing its equilibrium is well 
documented by several authors such as: Anderson and Arthur (1983), Veizer and Hoefs 
(1983), Faure (1986) and Morse and Mackenzie (1990).
Even though there has been much interest in the incorporation of foreign ions 
during dolomite crystallization, their distribution coefficients and other factors that control 
their concentration in dolomites such as: salinity, organic matter, sulfate reducing 
bacteria, Eh, pH and C 0 2 (g) still a hot topic of discussion. Curti (1999) summarizes
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previous research dealing with the assimilation phenomenon and provides updated 
database of partition coefficients of metals in carbonates. In this study only metals that 
are commonly present in dolomites (e.g. Veizer, 1983) where measured. Tables 2 and 3 
present the geochemical data for all the dolomites types observed in this study, and the 
following section summarizes carbonate stoichiometry, trace element concentration (Na 
and Sr only, complete results in tables) and isotopic composition for the main dolomite 
types at Gold Creek.
• MRNPD: Nearly stoichiometric, 50.98% nCaC03 and 48.81% nM gC03, with a Fe, Mn, 
Na and Sr average concentration of 518 ppm, 179 ppm, 866 ppm, 57 ppm 
respectively (n=11 for elemental analysis). Isotopic composition as follows, average 
813C of 0.22 %o (min. = -1.08 %o, max. = 1.00) and a S180  average of -5.40 %o (min. = -
7.05 %o, max. = -2.68 %o). MRNPD yielded a strontium radiogenic ratio of 0.710954.
• MRPD: This dolomite type has a carbonate composition of 51.30% nCaC03 and 
48.47% nM gC03 with a Fe, Mn, Na and Sr average concentration of 585 ppm, 223 
ppm, 748 ppm and 73 ppm, respectively. Isotopic composition as follows, 813C of - 
0.01 %o (min. = -1.06 %o, max. = 0.56 %o) and a 5180  average of -5.83 %o (min. = -9.20 
%0, max. = -5.83 %o). MRPD yielded a strontium radiogenic ratio of 0.711398.
• Saddle Dolomite: Has a stoichiometry of 51.20% nCaC03 and 48.50% nMgC03 with 
a Fe, Mn, Na and Sr average concentration of 513 ppm 331 ppm, 673 ppm and 224 
ppm respectively. Isotopic composition as follows, 813C of 0.12%o (min. = -0.82 %o, 
max. = 0.73 %o) and a §180  average of -6.91 %o (min. = -9.28 %o, max. = -3.84 %o). 
Saddle dolomite yielded a strontium radiogenic ratio of 0.712233.
2.5.11 Calcite Geochemistry
Carbon and oxygen stable isotope and strontium radiogenic isotope ratios were 
measured for various calcite types, along with minor and trace element concentrations. 
Complete calcite geochemical data by well is shown in Tables 4 and 5. The following 
summarizes isotopic and major, minor and trace element concentrations for major 
Wabamun calcitic components at Gold Creek.
• Micrite: Has an average 8180  of -6.88%o (min. -8.04%o max. -5.97%o) and a 813C of - 
0.42%o (min. -0.62, max. -0.03%o). M gC03 content yielded 1.5%, micrite has the 
following trace element composition: Fe 583 ppm, Mn 906 ppm, Sr 958 ppm. Sodium 
was below the detection limit.
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• Equant cement: A pool of several samples cementing a hardground surface in well 4- 
34-67-4W6 (3377.5 m) was analyzed and yielded an average S180  of -8.54 %o and a 
813C of -1.83 %o. No elemental data is available.
• Blocky Cement: Has an average S180  composition of -9.56%o (min. -12.03%o max. - 
5.98%o) and a 813C of -2.21%o (min. -6.47, max. -0.36%o). Blocky calcite has an 
average M gC03 content of 1.4% and the following elemental composition: Fe 653 
ppm, Mn 1057ppm, Sr 512 ppm. Sodium was below the detection limit.
• Gash Calcite: Has an average 8180  of -11.13%o (min. -12.58%o max. -9.67%o) and a 
813C of -4.30%o (min. -7.32, max. -1.28%o). No trace element data available.
2.6 Discussion
2.6. Dolomite and Calcite Geochemistry
As shown in Figure (9 -A) the majority of Wabamun dolomites exhibit a relatively 
narrow 813C range from -1 %o to +1 %o, but wider 8180  values (from -10 %o to -3 %o). Even 
though oxygen values overlap for all dolomite generations they exhibit a relatively wide 
variation (-7 %o difference) within the same dolomite type (e.g. inter-nodular dolomite and 
non-planar matrix dolomite). One possible explanation is that fluids that caused 8180  re­
equilibration from the original marine values flowed preferentially through some 
dolomitized units, altering some dolomites but not all them. Thus, the obtained data 
represents different degrees of recrystallization (e.g. Al-Aasm 2000).
Probably the least altered samples of matrix non-planar dolomite (MRNPD) are 
the ones that plot closer to the expected 8180  range for dolomites precipitated from 
Famennian seawater (Figure 9A). 8180  distribution for MRNPD reflects re-equilibration 
with 160  depleted fluids (-6%o S180  shift for most depleted sample) without varying their 
813C composition (-1 to +1 %o). Other dolomites types overlap within the MRNPD range; 
however they experience larger 8180  shifts. Based of petrographic relationships MRPD, 
compaction-related and saddle dolomite postdate matrix non-planar which explains the 
consistent negative shift in the S180  range experienced by these other dolomite types (in 
order): MRNPD (-2.7%o to -7%0); MRPD (-4.2%o to -9.2%o); compaction-related (-3.12%o to 
-10%o); fracture-lining saddle (-5.2%o to -9.3%o).
As pointed out before, carbon isotope values do not vary that much from the 
average dolomite composition (marine) and only a single sample of inter-nodular-
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dolomite (compaction-related) showed a §13C composition of -2.6%o which might be 
related to incorporation of organic carbon or possibly related to sulfate reduction 
reactions (e.g. Machel et al. 1995). Further discussion is this matter will follow with the 
interpretation of isotopic values for Wabamun calcitic components at Gold Creek.
Micrite shows the smallest shift in 513C from the hypothetical Famennian marine 
calcite range (e.g. Al-Aasm, 2000) when compared to other calcitic components. Some 
authors had suggested hydrocarbon migration to the Wabamun at maximum burial 
depths of 3000 m in the PRA (e.g. Mountjoy and Halim-Diharja 1991). This burial depth 
was postulated to be achieved between Late-Cretaceous and Early Tertiary. The K-T 
boundary might be considerably distant from the inferred time for maximum collapse of 
the underlying Leduc Formation (Visean) which it is interpreted to be the timing of 
formation of types II and III fractures and associated blocky calcite for the Wabamun at 
Gold Creek. Thus, decarboxylation of organic matter and further carbonate precipitation 
carrying this “organic signature” or other mechanism trying to explain incorporation of 
organic carbon through hydrocarbon cracking might not be the best mechanism to 
explain depleted 513C samples at Gold Creek. A more plausible scenario is 
Termochemical Sulphate Reduction (e.g. Machel et al. 1995) to explain the observed 
813C depletion. Oxygen isotopic values for calcite (as for dolomite) follow a trend of re­
equilibration (for micrite) or precipitation (for cementing phases) from warmer fluids.
Figure 10 shows the relationship between 87Sr/86Sr ratios vs. 5180  for Gold Creek 
and other Wabamun fields in the PRA. Within the Gold Creek samples a relatively wide 
variation can be observed for the same mineral phase (e.g. matrix non-planar dolomite). 
Since fractures (fluid-flow) span most of the Wabamun diagenetic history at Gold Creek 
(as shown in Figure 7) fluids of different compositions might caused re-equilibration of 
pre-existing mineral phases or formed new ones. Therefore, a single mineral phase will 
exhibit a wider range of values as a function of the “openness” of the diagenetic system. 
Dolomite and calcites samples from wells overlying the core of the patch reef showed the 
more radiogenic and depleted (S180 ) values as shown in Figure 10. This fact is in good 
agreement with previous isotopic data (Figure 9 A/B) that suggested a spatial control due 
to local tectonic features. In this sense, fractures probably induced different degrees of 
interaction with diagenetic fluids.
Figure 10 also compares the Wabamun at Gold Creek with other Wabamun 
studies in the PRA in S180  and as is shown values are within the same range as other 
fields where “Hydrothermal Dolomitization” (e.g. Al-Aasm 2000 and Packard et al. 1990);
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“Deep Burial Dolomitization” (e.g. Mountjoy and Halim-Dihardja, 1991) and “Tectonically 
Controlled Dolomitization” (e.g. Dix, 1993) processes have been invoked. All previous 
authors acknowledge the role of fault and fracture systems in allowing fluid-flow which 
contributed to the development of pervasively dolomitized bodies. However, the timing of 
such event (pervasive dolomitization) is argued. Therefore fluid inclusion data and 
geochemical modeling is needed at this stage to gain more knowledge about this 
important issue.
2.6.2 Evidence from fluid inclusions
As mentioned before the Wabamun dolostone matrix at Gold Creek is mainly 
composed by two different types of dolomites (MRNPD and MRPD). Figure 6C shows for 
MRNPD corrected homogenization temperatures were between 123.5°C and 135°C 
were 126°C is the most statistically representative value. Planar matrix dolomite (MRPD) 
showed relatively warmer temperatures in the 137°C-143°C range. This fact is consistent 
with the wide variation observed in the 5180  values for MRNPD and MRPD. Saddle 
dolomite homogenization temperatures were significantly different for both fracture-lining 
generations averaging 205.5°C (268°C max.) for the first generation and 147°C (148°C 
max.) for the second one. The first generation of dolomite appears to be precipitated 
from fluids approximately 40°C higher than the one that occludes the fracture. However, 
the presence of hydrocarbons in the inclusions might affect the Th causing such 
difference since when observed under non polarized light both saddle dolomite 
generations appear as s single mineral phase (Samson, I. per. comm.) When trying to 
explain the AT between the two saddle dolomite generations, one of the possible 
scenarios, is that hydrothermal fluids rapidly cooled down while precipitating the first 
fracture-lining dolomite and were approximately 40°C cooler when they occluded the 
fracture (second dolomite precipitation). Melting ice temperatures were -14.0°C (17.8% 
wt. NaCI) and -14.2 (18% wt. NaCI) for the first and second generations, respectively. 
Besides the differences in the homogenization temperatures, both saddle dolomites 
showed to be different in terms of UV and CL characteristics. Since this fracture-lining 
saddle dolomites occur in thin-randomly oriented fractures (second generation); fracture 
reactivation allowing flow of a different fluid with different temperature and geochemistry 
is a possible explanation. Other possible explanation considers a single fluid cooling 
rapidly while precipitating both generations of fracture-lining saddle dolomites. Since the 
Wabamun at the southeast PRA was probably never at depths exceeding 3000 m (e.g.
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Mountjoy and Halim-Dihardja, 1991), the most probable explanation is that hydrothermal 
fluids which probably sourced from the basement (Packard et al. 2001) where <40°C 
warmer than the host rock. This assumption is supported by the fact that assuming a 
geothermal gradient of 35°C/Km, the Wabamun at Gold Creek reached maximum burial 
with temperatures below 120°C. This is consistent with minimum entrapment 
temperatures for non-planar matrix dolomite (~100°C). Matrix Replacive Saddle Dolomite 
corrected Th values ranged from 161°C to 165°C suggesting an early flow of 
hydrothermal fluids which postdates shallow dolomitization, nodular fabric development, 
stylolites (I and II) and fractures (II) but predates fractures III. Therefore, this might be a 
hydrothermal event since within this timeframe the host rock had a burial depth below 
1500 m (e.g. Mountjoy and Halim-Dihardja, 1991 and Packard et al., 2001).
Anhydrite-hosted fluid inclusions (Figure 6C) show two well-defined populations 
that correspond to a blocky generation that generally occurs as a single phase or 
associated with calcite cementing fractures (126°C-151.6°C) and to a needle-like type of 
anhydrite (fibrous) that occurs in MVT-type textures (Th~168°C).
Blocky calcite show two populations, the first one in the 140’s °C range and the 
second one in the 160’s °C range.
Fluid inclusion salinities for fracture-lining saddle dolomite and blocky calcite 
were 18 wt. % NaCI and 19 wt. % NaCI respectively. Saddle dolomite values are found 
to be 4 wt. % lower than the reported range for the Wabamun at Parkland Field by 
Packard et al. (2001) which is between 22 wt. % and 25 wt % but within the range for the 
Tangent and Eaglesham Fields 17 wt. % 24.5 wt. % reported by Mountjoy and Halim- 
Dihardja (1991). Blocky calcite salinities are found to be slightly higher by 1-2 wt. % than 
the Parkland values. In both studies tectonic or seismic pumping of Devonian modified 
brines are believed to cause saddle dolomite and fracture cementing blocky calcite 
precipitation.
2.6.3 Recrystallization
Recrystallization of carbonate phases in the Wabamun Group has been 
suggested based on the analysis of petrographic and geochemical data. Petrographic 
evidence for dolomite recrystallization in the study area is represented by zoning and 
coarsening in matrix components (e.g. Al-Aasm 2000). Sharp contacts between cores 
and rims (see Figure 3A -6) with zoned overgrowth can be seen in matrix dolomites 
when exposed to UV light. Matrix dolomite also exhibits bright red zoning under CL
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luminescence (Figure 4 -1) supporting interaction with fluids of different compositions. 
Wabamun dolostone bodies tend to be massive and are composed by coarse non-planar 
dolomite. While some intervals show mimetic dolomitization that clearly reveal the 
original limestone fabric in other intervals the original fabric is completely obliterated as a 
result of dolomite recrystallization.
The geochemistry of calcites and dolomites showed “significant recrystallization" 
(Machel 1997) with respect to isotopic and trace element compositions. Calcitic 
components showed an isotopic trend (5180 , 87Sr/86Sr) that suggest diagenetic alteration. 
The mean 5180  for micrite was -6.88 %o (VPDB) and one value from a mudstone sample 
of the Cardinal Lake Member had a 87Sr/86Sr radiogenic ratio of 0.709395 (0.7082-0.7083 
Fammenian) with a strontium concentration of 1268 ppm indicating a resetting of the 
marine 87Sr/86Sr ratio by diagenetic fluids.
Carbon and oxygen dolomite values for the Wabamun Group at Gold Creek also 
support recrystallization. Oxygen isotopic values (VPDB) for matrix replacive non-planar 
dolomite ranged from -2.68 %o for the least altered (or pristine samples) to -7.05 %o for 
the more altered samples. Since petrographic data suggest that this dolomite generation 
predated stylolites (Figure 5B -I) a 4 %o variation during shallow burial is likely to be 
caused from further interaction with 81sO depleted fluids at greater depths. Geochemical 
evidence for such alteration is also supported by 87Sr/86Sr ratios (0.708912 to 0.710807) 
and trace element concentrations: Mn (87 ppm to 470 ppm), Na (375 ppm to 1630 ppm) 
and Sr (15 ppm to 129 ppm). Section 2.6.4 will discuss the geochemical evolution of 
dolomites with regard to these trace elements and how such variations followed a 
digenetic trend caused by the recrystallization of pristine carbonates.
2.6.4 Geochemical Modeling
Quantitative modeling of major, minor, trace elements and isotopes (813C, 81sO 
and 87Sr/86Sr) was carried out using the equations of Banner and Hanson’s (1990). This 
modeling would allow a better quantification of the diagenetic modification imposed on 
the Wabamun carbonates.
As suggested by Veizer (1983) and Banner and Hanson (1990), it can be useful 
when evaluating the effects of fluid-rock interaction to use elements with large 
differences in their distribution coefficients (2 or 3 orders of magnitude).
Since strontium is concentrated in marine carbonates and manganese is 
enriched in diagenetic carbonates (e.g. Banner and Hanson, 1990) they proof to be
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useful when modeling the chemical composition of diagenetic fluids in carbonates. 
Figure 11 plots variations among both chemical species in the solid phase while the 
system (water-rock) advances towards equilibrium and supplies information about the 
approximate water-rock ratios in which precipitation occurred. Strontium has an average 
Kd of 0.05 while manganese has an average Kd of 8.5 (e.g. Curti, 1999). Therefore, 
upon multiple recrystallizations carbonates tend be relatively depleted in strontium and 
enriched in manganese. Since the purpose is to model the chemistry of the dolomitizing 
fluids calcite partition coefficients where used. The assumption that the precipitated 
phase (carbonate) was in equilibrium with the liquid phase might necessarily not be the 
real case, however is a fair assumption to be made as suggested by Banner and Hanson 
(1990). Other important assumptions made for these geochemical model calculations 
included a brine density of 1.025 g/cc, 30% and 5% of initial porosity (two curves) and 
finally a host rock density of 2.5 g/cc; which corresponds to a medium density limestone 
(Bates and Jackson, 1983). Brines usually have higher densities 1.030-1.040 g/cc @ 
25°C, (e.g. Moore and McKenzie, 1990). However pervasive dolomitization at Gold 
Creek was more likely to happen well over 25°C.
For the geochemical modeling of Sr vs. Mn a brine with 150 ppm of strontium 
was chosen for two reasons. Firstly this value is within the average brine composition 
(Banner and Hanson, 1990) and secondly was a convenient value for calculation 
purposes. For the solid phase strontium a concentration of 700 ppm was chosen since 
represents the most concentrated dolomite value at Gold Creek. Under similar 
considerations 80 ppm and 10 ppm of manganese were chosen for solid (most depleted) 
and fluid phase, respectively.
The reason to choose the most concentrated or depleted sample lies in the fact 
that end-member will become concentrated or depleted towards equilibrium as a function 
of their partition coefficient; therefore using end-member values for modeling, assures 
that all the samples will be in the model curve range. In the strontium case KD <1 which 
means that is enriched in the liquid phase, thus upon multiple iterations, the solid phase 
(most concentrated sample) will get progressively depleted in Sr until equilibrium is 
achieved.
For comparison purposes Wabamun dolomite samples from Pine Creek Field 
located at 120 Km south-east of Gold Creek where included. Based on petrographic and 
geochemical data the Wabamun carbonates at Pine Creek have little to non- 
hydrothermal fluid interaction (Amurawaye per. comm. 2004)
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Figure 11 show that non-planar matrix has the most least altered marine values 
(Sr/Mn) within the Gold Creek samples followed by matrix planar dolomite. Saddle 
dolomite shows the strongest diagenetic signal (Sr/Mn) among all the samples. 
Stromatolitic or algal mat associated dolomite from the Wabamun at Pine Creek showed 
relatively high Sr/Mn ratios. Note that matrix dolomite achieved equilibrium at water-rock 
ratios <0.5 whereas saddle dolomite at an approximate ratio of 1.5 The Sr vs. Mn model 
(Figure 11) is in good agreement with the petrographic and geochemical data showed in 
previous sections. Other important observation to be made from Figure 11 is that the 
least altered MRNPD from Gold Creek and Pine Creek samples probably formed in an 
“open system” or low porosity condition (Banner and Hanson 1990) since they plot 
bellow the 5% porosity curve.
Iron can be used as a tracer for diagenetic alteration of carbonates exposed to 
meteoric input during diagenesis (e.g. Banner and Hanson, 1990). Iron has an average 
distribution coefficient of 2.7 (e.g. Curti, 1999) which makes it ideal when coupled with 
strontium for fluid modeling purposes. For iron modeling a brine and solid phase 
concentration where choose to be 100 ppm within the average brine concentration (e.g. 
Lonnee and Al-Aasm, 2001) and 100 ppm (most depleted carbonate sample) was 
chosen respectively (Figure 12).
Water-rock interaction for Sr vs. Fe shows scattering of dolomites and calcites. 
For dolomites this might be the consequence of dolomite nucleation on allochems with 
different iron concentrations, the other possible explanation is re-equilibration with 
multiple-fluids during burial. This last observation is favored by the relative homogeneity 
in size and morphology of matrix dolomites (homogenous substrate) and the abundance 
of fractures at Gold Creek. However, blocky calcite and a recrystalized micrite sample 
appear as two end-members which it is consistent with the geochemical attributes of 
these two calcitic components (e.g. Tucker and Wright 1990). Similarly to Figure 11, the 
Sr vs, Fe modeling showed that the majority of the samples tend to follow the 5% initial 
porosity curve.
Strontium radiogenic isotopes where plotted (Figure 13) against the Sr 
concentration (ppm) of the solid phase which precipitated from the interaction of a brine 
with 140 ppm of strontium and ratio of 0.7140 (most radiogenic sample at Gold Creek) 
with the host rock which has a initial concentration of 1200 ppm (most concentrated 
sample) and a 87Sr/86Sr ratio of 0.7083 (Famennian seawater). Figure 10 shows a 
diagenetic alteration trend for the Wabamun Carbonates at Gold Creek, the most altered
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samples from the well 10-25-67-5W6 which is in on top of the collapsed underlying reef 
core (Leduc Formation). Thus, implying that geochemical alteration might be related with 
fluid-flow associated with the core and west edge of the underlying Leduc patch reef 
(Barret, 2003).
Homogenization temperatures (corrected) coupled with 5180  VPDB curves for 
Wabamun dolomites and calcites were plotted against the SMOW values of the fluid(s) 
interacting with such mineral phases in Figure (14).
Fluids that interacted with all the dolomite generations at Gold Creek appeared to 
have 818OSMOW  signatures of basement-derived fluids (e.g. Lonnee and Al-Aasm 2000) 
with an average enrichment of 10 %o with respect to Famennian seawater (e.g. Al-Aasm
2000). When the Wabamun at Gold Creek is compared to Parkland Field (Packard et al.
2001) in which hydrothermal basement-derived fluids are thought to be responsible for 
pervasive dolomitization; it can be noticed that diagenetic fluids at Gold Creek appear to 
have a similar source. Such data might suggest that after a possible reflux dolomitization 
of the Wabamun carbonates (sections 2.6.1 and 2.6.2) further interaction with 
hydrothermal basement-derived fluids took place. Al-Aasm (2000) provided geochemical 
constrains to assess hydrothermal alterations, and provides examples from the WCSB.
2.7 Origin of Dolomite
Previous discussion based on petrologic investigations and geochemical data 
show that the different types of dolomites recognized in this study have different degrees 
of interaction with diagenetic-pore fluids and even for a given type there is relatively wide 
value variation. Assuming that previously to be pervasively dolomitized the Wabamun at 
Gold Creek had developed preferential conduits for fluid-flow as a result of partially 
dolomitization and early fracturing events it is possible that some areas of Gold Creek 
Field were subject to a more extensive interaction with diagenetic fluids that others. 
Therefore, dolomites might show different geochemical signatures which might be 
significantly different from the original values (e.g. Famennian seawater).
2.7.1 Matrix Replacive Non-Planar Dolomite
Any model used to explain the formation of this dolomite type need to account for 
the following geochemical signatures: slightly depleted 81sO (mean -5.4%o, max. -2.7%o, 
min. -7.5%o); near zero 813C (mean 0.22%o max. 1.0%o, min. -1.0%o); radiogenic 87Sr/86Sr 
(0.710954); Th (126°C) and near stoichiometric (nCaC03 51%  - nM gC03 49% ) with the
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following elemental concentration Fe 518 ppm, Mn 179 ppm, Na 866 ppm and Sr 57 ppm. 
The following observations could also help to delineate possible dolomitization models: a) 
zoned cores are rich in single phase fluid inclusions while the overgrowth shows two 
phase fluid inclusions, b) MRNPD is mimetic in certain Gold Creek areas.
Near surface, burial and hydrothermal models will be considered for MRNPD. 
Possible near surface dolomitization environments for the Wabamun at Gold Creek Field 
include hypersaline environments, reflux and meteoric-mixing water models. Sabkha 
dolomites are characterized by fine (<100 pm), near euhedral brownish rhombs, 
conforming relatively thin (< 1m) horizontal bodies in supratidal environments which are 
often associated to algal mats and evaporites (e.g. Tucker and Wright, 1992). Based on 
lithofacies and petrologic evidence direct precipitation of dolomite (sabkha) is discarded 
because MRNPD at Gold Creek nucleated on ooids and skeletal fragments. In terms of 
size dolomite crystals are medium to coarse crystalline (>100pm) and evidence of tidal 
flats were not found. Dolomitization due to subaerial exposure (as suggested by Workum, 
1991) is not supported by the geochemical data (e.g. stable isotopes values are 
relatively depleted, low iron content, luminescent cements) or petrographic observations. 
As discussed in previous sections reflux-dolomitization is a plausible model to be 
considered since is supported by facies and petrographic interpretations, however 
geochemical data is contradictory. Dense mosaics of reflux dolomite are widely 
characterized for preserving textural details of the precursor limestones as well as 
primary depositional fabrics. When these are not overprinted, their isotopic composition 
is close to the expected seawater values (e.g. Gregg and Sibley 1984; Gregg and 
Shelton 1989 and Montanez and Read 1992). Late Devonian reflux dolomitization in the 
Wabamun Crossfield Member has been proposed recently by Martindale et al. (2004), 
and for the Woodbend Group (Frasnian) in North Central Alberta by Huebscher and 
Machel (2004). Pristine MRNPD samples from Gold Creek retain carbon and oxygen 
isotopic ranges of reflux dolomites as shows Figure (9). However, strontium radiogenic 
ratios, fluid inclusion temperatures and geochemical modeling support an overprint by 
hydrothermal fluids (e.g. Al-Aasm, 2000). Such fluids did not alter significantly 813C or 
Ca/Mg ratios, thus a mixture of Devonian seawater and basement-derived fluids (Figure 
14) constitute a probable source for hydrothermal fluids interacting with the Wabamun at 
Gold Creek. Burial dolomitization is not a plausible option since is not supported by the 
petrologic and geochemical characteristics initially mentioned. Moreover, MRNPD was 
likely to be produced by a shallow process pre-, or concomitant with mechanical and
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chemical compaction (section 1.5.5). Because there are no lateral equivalent shales, 
compaction of shales as a mechanism of transporting Mg for dolomitization is not 
possible. Anhydrite dewatering (e.g. Qing and Mountjoy 1992) is not likely also, since 
geochemical data does not support such scenario. Some authors had suggested Mg 
remobilization by pressure solution of older dolomites (e.g. Qing and Mountjoy 1994), 
however this might not be applied to the Wabamun since dolomite bodies are laterally 
surrounded by non dolomitized limestones. A more plausible explanation could be 
hydrothermal fluids flowing through fault-fracture systems (e.g. Stokes 1987) which are 
believed to be capable of providing the required magnesium amount for dolomitization 
and/or recrystallization of early formed dolomites of the Wabamun at Gold Creek (e.g. 
Packard et al. 2001).
2.7.2 Matrix Replacive Planar Dolomite
Any model used to explain the formation of this dolomite type need to account for 
the following geochemical signatures, slightly depleted 5180  (mean -5.8%o, max. -4.2%o, 
min. -9.2%o); near zero 8 13C (-0.01%o, max. 0.6%o, min. -1.1 %o); radiogenic 87/86Sr 
(0.711398); Thmin (141.5°C) and near stoichiometric (nCaC03 51.3% - nM gC03 48.5%) 
with the following elemental composition: Fe 585 ppm, Mn 223 ppm, Na 748 ppm and Sr 
73 ppm.
Petrologic observations suggest that this dolomite post-dates stylolite generations 
I and II and is between type II and type III fractures or concomitant with the later, thus 
post-dating MRNPD. A slight depletion in S180  and S13C when compared with matrix non 
planar dolomite also place this dolomite generation in a different diagenetic environment. 
Therefore syndepositional models can not be supported by petrographic or geochemical 
data for this dolomite generation.
The above mentioned stable isotope values are within the range of Wabamun 
hydrothermal dolomite occurrences in the PRA (e.g. Packard et al. 1990a and Packard 
et al. 2001) and with other Devonian burial or technically controlled dolomite 
occurrences in the PRA (e.g. Stoakes 1987; Dix 1993; Mountjoy and Amthor 1994; 
Mountjoy and Halim-Dihardja, 1991 and Duggan et al. 2001)
There are two important petrologic observations that offer clues to the origin of 
this dolomite generation: 1) MRPD crystals show inclusions pyrite inclusions probably as 
a consequence of calcite replacement under reduced conditions (Figure 3A -5). These 
inclusions could be the product of a redox-reaction in an ooid that nucleated on a
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hematite grain as a consequence of the advance of a hydrothermal front. 2) As in shown 
in Figures (3 -4, -5, - 6  and 5 -I) matrix planar dolomite replaces the fine carbonate debris 
(e.g. dolomicrite, micrite clays and pyrobitumen) that occurs filling the burrows. The 
reason why such replacement takes place might be explained by kinetic instability of 
some shallow water carbonates (e.g. dolomicrite) when subjected to diagenetic 
conditions (e.g. hydrothermal fluids). Kinetics of low-magnesiun and high-magnesium 
calcite and protodolomites are documented by Morse and McKenzie (1990).
The above exposed ideas coupled with fluid inclusion (Thmin) and geochemical 
modeling suggest that a hydrothermal origin for this dolomite type might be favored over 
a geothermal one (burial). Volumetrically MRPD represents approximately <25% of the 
total dolomite volume at Gold Creek. The same considerations made for the Mg source 
with the MRNPD are believed to be valid for MRPD and is supported by geochemical 
data.
2.7.3 Compaction-related Dolomite
Any model used to explain the formation of this dolomite type need to account for 
the following geochemical signatures depleted S180  (mean -5.9%o, max. -3.1%0, min. - 
10.1%o) and near zero S13C (mean -0.25%o, max. 0.8%o, min. -2.2%o) and for its 
association with compaction-related features. At Gold Creek Field this dolomite type is 
not volumetrically significant (all sub-types together account for app. 5% of the overall 
dolomite volume). Studies dealing with the formation of these dolomite types account for 
remobilization of Mg through pressure solution processes in which expelled fluids serve 
as Mg transport (e.g. Tucker and Wright, 1990). The mean oxygen stable isotope value 
for this dolomite clearly indicates re-equilibration, since the timeframe for its formation is 
between near surface (nodular fabric) and chemical compaction. Therefore, it might be 
less than 500 m of burial in which case just slightly altered marine values are expected. 
In summary pristine samples are represented by: -3.12%0; -3.40%o; -3.60%o. While the 
most altered samples showed values of -8.30%o and -10%o. Summarizing, compaction- 
related dolomites probably formed by the mechanism above explained, however a re­
equilibration with “warmer fluids” was likely to happen.
2.7.4 Saddle dolomite
Any model used to explain the formation of this dolomite type need to account for 
the following geochemical signatures, depleted 5180  (mean -6.7%o, max. -3.8%o, min. -9.3
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%o); near zero 8 13C (mean 0.11%o, max. 0.7%o, min. -0.8%o); radiogenic 87Sr/86Sr (0.7122); 
Thmin (174°C-268°C) salinity (18 wt. % to 19 wt. %) and near stoichiometric (nCaC03 
51.2% - nM gC03 48.5%) with the following elemental concentrations: Fe 512 ppm, 331 
ppm, Na 673 ppm and Sr 224 ppm.
Some authors had interpreted saddle dolomite precipitation in the WCSB from 
fluids from burial origin (e.g. Mattes and Mountjoy, 1980; Won and Oldershaw, 1981; 
Mountjoy and Halim-Dihardja, 1991; Qing and Mountjoy, 1992). At the Gold Creek Field 
these fluids were hot marine derived brines with a granite signature (see data above and 
Figures 10 and 14). These hot brines had a very similar Mg/Ca to that of seawater (as 
discussed before) but relatively enriched in radiogenic 87Sr/86Sr (Famennian ratio of 
0.7082-0.7083 Burke et al., 1982) which could not be explained by interaction with 
marine carbonates and evaporites. This enrichment can be caused by interaction with 
shales and clastic sequences (e.g. Mountjoy et al., 1992) or upon interaction with 
feldspars and micas from the WCSB Precambrian basement (e.g. Faure and Powell, 
1992). According to Nesbit and Muehlenbachs (1994) Laramide Orogeny fluids were 
approximately in the 0-10% wt. NaCI range. The examined saddle dolomite at Gold 
Creek showed more saline values (18%wt. to 19%wt. approximately).
Previous studies suggest that faults and fractures constitute evidence of 
extensional tectonics within the field (e.g. Barret 2003) developed as early as Famennian 
(Figure 7 -7) and extended into the Visean. This may indicate saddle dolomite formation 
within this timeframe and not likely to be concomitant with the deep burial stages 
achieved during the Laramide Orogeny. However not even deep-burial (geothermal 
dolomitization) could account for the observed homogenization temperatures.
Fault-fracture systems are acknowledge as conduits for fluid-flow and 
subsequent dolomitization of the Wabamun in the PRA (e.g. Al-Aasm 2000; Stoakes 
1987; Majid 1987 and 1989; Packard et al. 1990 and Packard et al. 2001). At Gold Creek 
hydrothermal convection through fault and fracture systems associated with extensional 
tectonics in the area could explain saddle dolomite precipitation
2.7.5 Wabamun reflux dolomitization at Gold Creek
After examining the original limestone components at Gold Creek, whether in the 
undolomitized portions or with the aid of luminescent petrography in the dolomitized ones, 
it can be seen that dolomite formed after deposition of two main lithofacies. These are 
the ooidal-peloidal lithofacies with a variable skeletal content (brachiopods, ostracods
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and crinoid ossicles) and a more argillaceous and bioturbated lithofacies. These 
lithofacies are lateral equivalents and represent 3rd to 4th order cycles as described by 
Halbertsma (1994). The two above described lithofacies might correspond to a zone 
were changes from ooidal sands to more protected lagoons, having the shoals as 
barriers (e.g. Burchette and Wright 1992)
Based on 2-D and 3-D seismic and core observations of the PRA, Sailer and 
Yaremko (1994) proposed that the Wabamun carbonates were susceptible to 
dolomitization by evaporative brines in the shoals and/or in the stromatoporoid facies 
(Normandville Member) that formed on top of paleo-heights represented by the Leduc 
Formation patch reefs. In their model, density driven seawater reflux flowed through the 
porous ooidal-peloidal sands developing mound-shaped dolomite bodies.
At Gold Creek the underlying patch reef did not posses any significant relief (e.g. 
Barret 2003). Such a fact probably prevented the colonization of any Labechiid 
stromatoporoid in the study area (e.g. Nishida, 1987); however ooidal lithofacies were 
deposited at Gold Creek.
The ooidal shoals are deposited in modern environments like the Bahamas at 
depths not greater than 10 m. (e.g. Tucker and Wright, 1990). It is also known that the 
WCSB had an arid climate at the end of the Devonian (e.g. Halberstma 1994) which 
favored seawater evaporation and the precipitation of sabkha dolomites and associated 
evaporites in the Wabamun at Tangent Field (e.g. Mountjoy and Halim-Dihardja 1991) 
and in eastern Alberta (e.g. Andrichuk 1960 and Halbertsma 1994). Therefore reflux 
dolomitization might be plausible since is supported by petrologic evidence (matrix 
dolomite) and geochemical evidence (only for pristine samples of MRNPD; section 2.6).
At Gold Creek we propose that the above described reflux dolomitization was 
triggered by the accommodation/sedimentation rate (A/S) when enough local carbonate 
allowed the formation of the shoals and a drop in sea level induced reflux. However, at 
higher A/S, more argillaceous bioturbated facies where deposited. Therefore ooidal 
sands will alternate with argillaceous sediments producing the observed lithofacies at 
Gold Creek. Figure (16) illustrates such scenario for the Cardinal Lake Member, since 
both lithofacies are represented.
2.7.6 Wabamun hydrothermal dolomitization at Gold Creek
Geochemical modeling of the Wabamun carbonates described in section 2.6.3, 
support the model of a “warmer” (5180 , Th), more “radiogenic” (87Sr/86Sr) and indeed
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chemically different diagenetic trend which overprints the original observed lithofacies. 
The hydrothermal origin of the different dolomite types at Gold Creek was already 
discussed in previous sections. However the consequences of such process have not 
been fully discussed.
Wells located towards the core of the underlying patch reef (Figure 2B 10-25-67- 
4-W6, 10-32-67-4W6 and 10-5-69-4W6), show some characteristic features of 
hydrothermal alteration (e.g. Al-Aasm, 2000; Davies, 1997 and Packard et al. 2001). 
Such features include saddle dolomite cemented karsting, fibrous anhydrite, sulphides, 
pyrobitumen, quartz and other MVT-type accessory minerals plus the development of 
zebra-type fabrics. These features of hydrothermal alteration are believed to enhance 
reservoir porosity not only macro (FAHK) and mesoporosity (intercrystalline) but also 
microporosity via chert formation (e.g. Packard et al. 2001) or by hydrothermal-clay- 
transformations (e.g. Hutcheon and Oldershaw, 1985).
Faults and fracture systems developed early in the Wabamun diagenetic history 
at Gold Creek (Barret, 2003). These fractures served as conduits for diagenetic fluids as 
demonstrated by the geochemical modeling. Ultimately these fluids modified the rock 
fabric allowing dolomite overgrowth, cementing intercrystalline porosity (Figure 3A -6 ) 
and producing vuggy porosity (FAHK). Thus, developing a tight matrix of interlocking 
dolomite crystals observed in the majority of the wells at Gold Creek. However, this 
massive non-planar fabric is not present in the bioturbated facies at the eastern reef-rim 
of the underlying Leduc Formation. Apparently dolomite in this lithofacies did not 
experience extensive overgrowth and/or cementation like in other Gold Creek areas; 
hence porous dolostone (intercrystalline porosity) bodies can be found (e.g. well 4-34- 
67-4W6). The above described porosity distribution in Gold Creek is believed to be 
function of the local tectonic features and fluid-flow.
2.7.7 Is the Wabamun at Gold Creek an example of hydrothermal dolomite?
The Wabamun at Gold Creek is an example of the impact of local tectonic 
features on geochemical signatures (Figures 2 and 7). As previously discussed fracturing 
probably extended from early burial (pre-stylolitization) to relatively deep burial. 
Characteristic features of hydrothermal fluid flow are supported in previous sections. 
MRNPD (Matrix Replacive Non-Planar Dolomite) is surpassed in more than 10°C 
(average) by MRPD (Matrix Replacive Planar Dolomite) and in more than 20°C by 
fracture-lining saddle dolomite and associated cementing phases as blocky calcite and
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anhydrite. As shown in Figure (14), Gold Creek carbonates interacted with fluids with 
hydrothermal signatures which are comparable to other PRA Wabamun reservoirs 
regarded as “fracture associated hydrothermal reservoirs” . Thus following Machel and 
Lonnee (2003) Gold Creek could be regarded as an example of a hydrothermal dolomite 
reservoir. Figure (17) shows a burial curve for the Wabamun at the PRA in which the 
possible burial depths at which the Gold Creek collapse structure formed (below 1500 m) 
is contrasted with the onset of hydrothermal fluids observed in this study.
2.8 Conclusions
• Deposition of the Wabamun at Gold Creek took place in an inner-medium ramp 
setting were ooidal shoals and bioturbated lagoonal facies were deposited. 
Therefore an initial heterogeneous substrate was formed.
• During low A/S cycles evaporation of seawater on the shoals was favored forcing 
a density driven flow through the porous ooidal-skeletal sediment mounds which 
eventually dolomitized the shoals.
• The initial formed dolomite, replaced matrix components developing a dense 
mosaic of non-planar dolomite (MRNPD).
• As a product of facies differentiation, the Wabamun carbonates were
substantially heterogeneous in porosity and permeability terms, thus providing 
preferential conduits for early fluid-flow.
• The heterogeneous nature, thus brittle character of the Wabamun substrate at 
Gold Creek favored the development of fault and fracture systems.
• Early fractures pre-dating chemical compaction suggest that early in the
diagenetic history of the Wabamun at Gold Creek, these carbonates where
exposed to diagenetic fluids.
• Geochemical modelings suggest that these diagenetic fluids experienced 
chemical changes during burial in which the initial marine character changed to a 
hydrothermal-basement derived character.
• Wabamun carbonates re-equilibrated with these hydrothermal fluids and new 
dolomite generations were formed.
• MRNPD re-equilibrated with hydrothermal fluids during this stage. A matrix planar 
dolomite generation (MRPD) was formed within the hydrothermal redox-front.
• Even though some fabrics appear to be formed by brecciation some others are 
product of fracture and dissolution of the host developing a breccia-like fabric.
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• Two generations of fracture-lining saddle dolomite were precipitated with a 40°C 
difference. The colder generation had hydrocarbon-rich fluid inclusions. An 
associated saddlerized front was formed in the host dolostone.
• The timing for such re-equilibration a precipitation is consistent with shallow- 
medium burial within a Famennian-Visean timeframe.
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2.10 Tables
Table 1. Stratigraphic sub-divisions of the Wabamun Group, WCSB Modified from 
Halberstma (1994)
Table 2. Isotopic composition for different dolomite generations in the Wabamun at Gold 
Creek Field, WCSB
Table 3. Major, minor and trace element composition for Wabamun dolomites at Gold 
Creek. BDL: Below Detection Limit
Table 4. Stable isotope composition for calcitic components in the Wabamun at Gold 
Creek, WCSB.
Table 5. Major, minor and trace element composition for Wabamun calcitic components 
at Gold Creek. BDL: Below Detection Limit
63






Upper Cardinal Lake Member





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2
W ell D ep th  (m ) Type






S u m m a ry  o f D o lo m ite  ty p e s
10-5-6 8-4 W6 3222 MRNPD 0.07 23.79 -6.91 MRNPD
09-30-68-5W6 3362 MRNPD -0.29 27.32 -3.48 interlocking dolomite crystals.
10-25-67-5W6 3362 MRNPD 0.56 26.52 -4.25 Main matrix components with fluid
10-32-67-4W6 3279 MRNPD 0.58 25.39 -5.35 inclusion rich cores and clear rims.
04-34-67-4W6 3362 MRNPD clast 1.00 25.11 -5.62 Size is 100 |jm in average.
10-32-67-4W6 3311 MRNPD clast 0.33 26.00 -4.76 The modifier “clast” denotes
10-32-67-4W6 3306 MRNPD clast 0.31 25.95 -4.81 the “nodule” as a component













The modifier “Ostracod” denotes 
mimetic dolomitization after an 
ostracod shell.
MRPD
dolomite rhombs that can be
06-17-68-4W6 3222 MRNPD -1.08 23.95 -6.75
09-30-68-5W6 3283 MRNPD 0.17 28.15 -2.68
10-25-67-5W6 3358 MRNPD 0.35 26.08 -4.69 subhedral as well, which are found
10-25-67-5W6 3350 MRNPD 0.60 23.64 -7.05 replacing earlier
10-25-67-5W6 3361 MRNPD 0.47 26.27 -4.50 dolomite generations or calcitic
10-5-6 8-4 \N6 3234 MRNPD 0.15 24.48 -6.23 components, these crystals vary
10-5-6 8-4 W6 3226 MRNPD 0.15 24.09 -6.62 on a wide range of sizes
09-30-68-5W6 3289 MRNPD Ostracod -0.31 25.03 -5.70 (80-300 pm ) and
09-30-68-5W6 3289 Vug-riming -0.42 25.11 -5.62 often show zoned overgrowths
10-25-67-5W6 3360 Vug riming w/sulphides -0.26 21.43 -9 20 Saddle Dolomite Cement
10-25-67-5W6 3363 Vug-riming -1.06 22.39 -8.26 Refers to fracture lining saddle
10-5-6 8-4 W6 3222 MRPD -0.48 24.70 -6.02 dolomite occurring mostly in
10-25-67-5W6 3357 MRPD 0.56 26.47 -4.31 sub-vertical fractures.
10-25-67-5W6 3358 MRPD 0.12 24.72 -6.00 Other Sub-Types
10-25-67-5W6 3362 MRPD 0.45 26 5 6 -4.22 Vug-riming
09-30-68-5W6 3293 MRPD 0.38 25.58 -5.17 planar-e dolomite cementing
06-17-68-4W6 3277 MRPD 0.55 26.61 -4.17
dissolution vugs. Crystals
09-30-68-5W6 3283 MRPD -0.01 26.07 -4.69
are usually >1 mm.
04-34-67-4W6 3362 MRPD 0.07 2423 -6.48
Floating dolomite 
Scattered dolomite rhombs
10-5-6 6 4  W6 3226 floating dolomite in borrows 0.17 23.70 -6.99 that occur in undolomitized sections.
10-5-6 8-4 W6 3236 floating dolomite in borrows 0.49 23.58 -7.11 The average sized is 50 microns.
09-30-68-5W6 3291 floating dolomite in borrows -0.63 25.27 -5.47 Compaction-related dolomite
10-25-67-5W6 3363 disolution seam dolomite -0.02 23.23 -7.45 Dolomite that occurs as a
06-17-68-4W6 3277 compaction-related 0.81 27.41 -3.40 consequence of chemical
09-30-68-5W6 3291 compaction-related -0.56 24.82 -5.91 compaction in dissolution seams,
10-03-68-4W6 3210 compaction-related 0.16 25.15 -5.58 stylolitesand between
10-03-68-4W6 3228 compaction-related -2.15 20.55 -10.05 nodules. Is a component of the
09-30-68-5W6 3277 compaction-related 0.21 27.69 -3.12 stylonodularfabric. Usually fine
10-03-68-4W6 3200 compaction-related -0.21 22.39 -8.26 grained (20-50 pm) and
09-30-68-5W6 3288 compaction-related -0 27 27 24 -3.56 embedded in an unsoluble matrix.
10-32-67-4W6 3306 saddle fracture -0.82 22.91 -7.76 Saddlein zebra-type
10-5-6 8-4 W6 3234 saddle fracture 0.73 22.94 -7.73 Saddledolomite associated with
10-25-67-5W6 3362 saddle fracture 0.60 22.92 -7.74 pyrobitumen, anhydrite, calcite



















cementing thin and randomly 
oriented fractures, thus developing 
a breccia like fabric. This type 
of fabric also resembles zebra
06-17-68-4W6 3334 zebra-type saddle -0.43 20.61 -9.99 dolomite and associated textures.
10-32-67-4W6 3308 zebra-type saddle 0.09 27.04 -3.75
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Table 3 Type Carbonate composition




Trace element composition in ppm
Al Cu Fe K Mn Mo Ti Zn B Ba Be Bi Na
MRPD BDL 5 585 86 223 BDL 2 7 3 478 BDL 5 748
MRNPD 5 5  7  518 150 179 BDL 6  19 4 168 0.06 7 8 6 6
Saddle BDL BDL 512 BDL 331 0.6 1 BDL 2 1533 BDL 4 673
CD
CD
Pb As Cd Co Cr Sn Sr
9 3 0 . 2 0.5 2 2 73
38 6 0.3 0.3 5 3 57

























































09-30-68-5W6 3288 gash cement -7.32 20.94 -9.67
10-25-67-5W6 3362 gash cement -1.28 17.94 -12.58
04-34-67-4W6 3362 blocky from HDG -1.83 22.10 -8.54
10-03-68-04W6 3199 blocky/fracture I -0.74 21.04 -9.57
10-03-68-04W6 3200 blocky/fracture I -1.84 22.63 -8.03
10-25-67-5W6 3357 blocky/fracture II -1.51 18.94 -11.61
10-25-67-5W6 3357 blocky/fracture II -2.77 18.51 -12.03
09-30-68-5W6 3278 blocky/fracture III -6.47 20.26 -10.33
10-25-67-5W6 3358 blocky/fracture III -2.16 20.19 -10.40
10-03-68-4W6 3199 blocky/fracture III -0.36 24.74 -5.98
10-25-67-5W6 3363 fracture filling (breccia) -4.47 18.03 -12.49
09-30-68-5W6 3278 fracture filling (breccia) -2.11 17.80 -12.71
10-25-67-5W6 3361 fracture filling (breccia) -1.56 18.27 -12.26
10-25-67-5W6 3362 pokiolotopik cement -1.30 19.04 -11.51
09-30-68-5W6 3288 pokiolotopik cement -5.99 22.48 -8.18
10-05-68-4W6 3236 micrite -0.03 24.49 -6.23
10-03-68-4W6 3216 micrite -0.55 22.61 -8.04
10-03-68-4W6 3228 micrite -0.62 23.85 -6.85
10-03-68-4W6 3200 micrite -0.62 23.03 -7.64
10-03-68-4W6 3212 micrite -0.42 24.14 -6.57
10-03-68-4W6 3200 micrite -0.30 24.77 -5.95
09-30-68-5W6 3291 recrystallized crinoid -1.42 14.96 -15.47
09-30-68-5W6 3291 recrystallized crinoid -1.28 17.76 -12.76
10-03-68-4W6 3199 recrystallized crinoid -0.06 25.02 -5.71
10-03-68-4W6 3199 recrystallized crinoid -0.31 24.30 -6.41
10-03-68-4W6 3212 recrystallized crinoid -0.37 24.22 -6.48
10-03-68-4W6 3216 recrystallized brachipod -0.46 22.84 -7.83
10-03-68-4W6 3228 recrystallized brachipod -2.52 20.97 -9.64
04-34-67-5W6 3362 recrystalized brachipod -2.50 22.10 -8.55
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2.11 Figures
Figure 1. Major tectonic elements during Wabamun deposition. Gold Creek location 
within the WCSB.
Figure 2. Collapsed Leduc patch reef underlying the Gold Creek Field and location of 
the studied wells (modified from Barret, 2003)
Figure 2B. Lithofacies at the reef core (10-25-67-5W6) and the rim reef rim (4-34-67- 
4W6)
Figure 3A. Photograph 1 shows a subvertical vein in well 10-25-67-5W6. Photograph 2 
shows a close-up of the fracture where the non-planar dolomite matrix (A) forms dense 
mosaic that coarsens towards the fracture. Between the fracture-lining saddle dolomite 
(B) and the matrix dolomite (A), a dissolution front is formed (photograph 3, UV-light). A 
melange of blocky calcite, fibrous anhydrite and pyrite occlude the fracture (C).
Figure 3B. Stylonodular fabrics frequently host compaction-related dolomite ribbons as 
shown in photograph 7 (A). While inter-nodular dolomite is nearly euhedral (B), nodules 
show a non-planar fabric (C) as seen in photographs 8  and 9. Photographs 10 and 11 
show stylolite-related dolomite in peloidal limestone lithofacies (D and E)
Figure 4. Dolomite CL characteristics
Figure 5A. Paragenetic sequence for the Wabamun at Gold Creek
Figure 5B. Photographs for major diagenetic events and fabrics in the paragenetic
sequence of the Wabamun Group at Gold Creek
Figure 6A. Fluid inclusions photographs in calcite (1,2,3) and dolomite (4,5,6)
Figure 6B. Fluid inclusion photographs on saddle dolomite (7,8,9), sphalerite (10) and 
anhydrite (1 1 ,1 2 )
Figure 6C. Fluid inclusion histograms (uncorrected temperatures) for different 
mineralogies at Gold Creek.
Figure 7. Wabamun lithofacies showing fractures in wells on top of the Leduc at Gold 
Creek
Figure 8. Probable mechanism for breccia-type fabric formation in the Wabamun and 
possible fluid characteristics.
Figure 9. Dolomite (A) and calcite (B) isotopic composition.
Figure 10. 87Sr/86Sr vs. 8180  (VPDB) for Wabamun carbonates at Gold Creek and in 
other PRA Fields.
Figure 11. Sr vs. Mn fluid-rock interaction for the Wabamun carbonates at Gold Creek 
and Pine Creek Fields (Amurawaiye, O. per. comm.). Curves represent 30% and 5% of
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initial porosity respectively.
Figure 12. Sr vs. Fe water-rock interaction for the Wabamun carbonates at Gold Creek. 
Curves represent 30% and 5% of original limestone porosity respectively.
Figure 13. 87Sr/86Sr ratios vs. Sr (ppm) water-rock interaction for the Wabamun at Gold 
Creek.
Figure 14. Fluid 8180  (SMOW) for the Wabamun carbonates and possible ranges for 
relevant hydrothermal events affecting the PRA.
Figure 15. Depositional and dolomitization models for the Wabamun at Gold Creek. First 
stage (reflux) second stage (hydrothermal)
Figure 16. Probable burial curve for the Wabamun at Gold Creek, (modified from 
Mountjoy and Halim-Dihardja, 1991)
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Figure 2B
“Sheet-shaped” packstones and wackestones  
from core 1 of well 10 -25 -67-5W 6 show signals 
of lateral m ovem ent like striations
T h e top of the second core at 
(1 0 -25 -67 -5W 6) 3354  m. Shows 
chaotic textures dipping 
presum ably S -W Contact between W hitelaw  
and the Normandville 
M em bers (4 -24 -67 -4W 6 @ 33 5 8  m .) 
Despite dolomitization depositional 
structures are well preserve
Porous dolomite o f the overlying 
Normandville M em ber (4-34-67-4W 6  
3372 m.)
T h e bottom of the second core at well (1 0 -25 -67 -5W 6) looks brecciated. 
Random ly oriented veins are occluded with calcite and saddle dolomite
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Figure 5A
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Figure 5B
400 microns otherwise indicated
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Figure 6A
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Figure 6B
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Figure 7
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Saddlerized Front Host Rock Clast
Calcite, saddle dolomite, anhydrite, pyrite, sphalerite and bitumen can occur as an iisolated 
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0.708 0.71 0.712 0.714 0.716 0.718 0.72 0.722 0.724 0.726 0.728
Hypothetical Fammenian Seawater Dolomite
■ Early Equant Calcite Gold Creek
■ Late Coarse Blocky Calcite Gold Creek
•  Saddle Wab-Tangent (Mountjoy et al. 1991)
•  Matrix Non Planar Wab-Tangent (Mountjoy et al. 
1991)
♦  Matrix Non Planar Leduc-Swan Hills (Dlx 1993)
♦  Matrix Non Planar Pine Creek
4 Matrix Subhedral Dolomite (Packard et al. 1990)
■ Saddle Dolomite (Packard et al. 1990)
♦  Saddle Dolomite (CD2), Leduc-Swan Hills 
(Duggan et al. 2001)
4 Matrix Dolomite (RD3), Leduc Swan Hills (Duggan 
et al. 2001)
Gold Creek
♦Matrix Non Planar Gold Creek
♦Matrix Planar Gold Creek
Matrix Replaclve Saddle Dolomite Gold Creek 
♦Fracture Lining Saddle Dolomite Gold Creek
-12 •  Nodule Anhedral Dolomite (Packard et al. 1990)
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Dolomite fabric control on petrophysical attributes of the Wabamun carbonates: 
An example from Gold Creek Field, West-Central Alberta, Canada. 
3.1 Introduction
The discovery of the Wabamun Crossfield (2.6 Tcf in place) and Parkland (240 
Bcf) Fields in 1950’s opened the exploration for diagenetic-enhanced ramp reservoirs. 
Years later in 1963 the Gold Creek Field (100 Bcf) was discover by accident when 
drilling for a Leduc patch reef in the southern flank of the Peace River Arch (PRA). The 
Wabamun comprises a succession of six transgressive-regressive sequences that grade 
from laminated marlstones/wackestones to massive packstones grainstones (e.g. 
Halbertsma 1994). However, at Gold Creek the majority of these lithofacies have been 
dolomitized and the original fabrics obliterated to a variable degree. Diagenesis played 
an important role in modifying the reservoir primary porosity and developed fracture, 
moldic, vuggy and intercrystalline porosity (via dolomitization) and intracrystalline 
porosity (via leaching). At least two or more of these porosity types occur together 
creating a unique porosity-permeability network that governs reservoir hydrocarbon flow.
The purpose of this paper is to present a time and cost effective method to 
evaluate porosity and permeability on specific lithofacies that might not be reflected in 
the standard plug porosity measurements. As mentioned, above carbonates show 
different porosity types, which are often not identified with conventional mercury 
pressure measurements or well logs. Low vertical resolution of the neutron, density and 
sonic logs tends to average the high porosity values of vugs with low values in the matrix, 
thereby producing a lower total porosity reading. Often pay zones are overlooked when 
the average porosity falls below the cut off.
3.2 Previous Studies
Among the sedimentary rock-forming minerals, carbonates are the most 
chemically active. Therefore porosity and permeability in limestones is much less 
predictable than in clastic rocks thus, create more challenges for hydrocarbons 
exploration. The initial petrophysical attributes of carbonates are linked to their 
depositional environment. This fact is obvious when comparing shallow reef facies 
which tend to have higher initial porosity and permeability versus deep platform 
carbonates which tend to be more argillaceous, hence denser. These initial
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characteristics are prone to be changed soon after early burial by diagenetic processes 
such as cementation and dissolution and might continue to change with the advance of 
diagenesis. Jones (1990) in describing the porosity and permeability characteristics of 
the Cayman Island rocks, British West Indies. Jones pictured this process in terms of 
cycles as shown in Figure (1) where diagenetic enhancement or destruction of porosity 
might involve different cycles. These cycles are function of time and the geological 
history of a particular carbonate rock.
In the Western Canada sedimentary Basin (WCSB) several studies have been 
published dealing with subaerial and subsurface diagenesis, and the changes inflicted to 
primary porosity through those processes. In the case of subaerial exposure, WCSB 
examples in the Upper Devonian are: Swan Hills, Leduc (e.g. Drivet and Mountjoy 1997), 
and Nisku (e.g. Machel 1990) Formations.
In these Devonian reefs fresh water vadose diagenesis resulted in the 
development of secondary vug, moldic and channel porosity. In this diagenetic realm 
primary porosity is commonly reduced by gravitational fibrous calcite and non-ferroan 
spar calcite which locally fills molds. Factors that might enhance the porosity are non­
fabric selective vuggy porosity and fabric selective channel porosity.
The net result of early, near surface, submarine and subaerial diagenesis is to 
create a complex, heterogeneous rock pore system which can have a profound influence 
in the movement of later, subsurface diagenetic fluids.
Examples from the WCSB of subsurface diagenesis occur in some Swan Hills 
reefs, such as Carson Creek and Kaybob (e.g. Walls and Burrowes, 1990) where coarse 
dolomite occurs as pore filling cement in primary porosity of reef margin facies. Coarse 
ferroan calcite spar, blocky anhydrite associated with galena, sphalerite and pyrite are 
also an indicative of subsurface diagenesis which is observed in the pervasively 
dolomitized Middle Devonian “Presqu’ile” reefs of NE British Columbia (e.g. Qing and 
Mountjoy 1994).
Dolomitization is historically recognized as an effective mechanism of creating 
pore space in limestones, when subjected to subsurface digenesis. However, this is not 
always true since Murray (1960) showed that partially dolomitized limestones actually 
show a porosity decrease when compared to non-dolomitized limestones. Moreover, 
depending on the dolomite fabric which is function of growth rate and temperature and/or 
super-saturation; dolomitization may or may not enhance the limestone primary porosity, 
(Figure 2).
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Porosity estimations on epoxy-stained thin sections are often made by simple 
comparison with a porosity pattern on a chart. Efforts to find a less subjective way to 
estimate porosity in thin section have been made using image analysis (e.g. Sheidegger 
1957; Dullien and Batra 1970; Dullien and Dhawan 1973, 1974; Rink 1976; Lin and 
Cohen, 1982 and Elrich et al. 1984, 1991).
Ruzyla and Jezek (1987) described a procedure wherein the epoxy impregnated 
thin section is treated so that the epoxy is coated with a fluorescent dye. The reflected 
porosity pattern is digitalized so the measurement can easily be accomplished. A similar 
procedure can be perform with the aid of a scanning electron microprobe on carbon- 
coated polished thin sections, since the resulting black pores are surrounded by a lighter 
background, therefore porosity can be measured.
3.3 Methodology
This study is based on digital image analysis of thin sections and relies on the 
use of the Image Pro-plus ® software. With the aid of a digital capture camera mounted 
to a petrographic microscope, digital images of thin sections where taken and a color 
(arbitrary solid blue was chosen) was assigned to the pore space. The operator has the 
capability of fine tuning the color spectrum of the pore space, since usually the pores are 
optically showed as different shades of a given color (e.g. grey or pink), which is 
necessary to improve the porosity measurement. Once the pore space is digitally 
colored, the software is asked to measure “per-area”, which means the pore space vs 
the whole image or a custom selected area, e.g. a single leached dolomite crystal; thus 
gives an estimate of the pore space. The software is able to perform statistics on the 
pore measurements, giving the mean, minimum and maximum areas of the pores and 
the percentage of pores connected to at least 3 or more pores, giving a permeability or 
pore interconnectivity idea of the viewed image.
Calibration was carried out using thin sections of rocks plugs with known porosity 
values (mercury porosimetry) which were plotted against the values obtained by image 
analysis. Two calibration curves were generated for lithofacies with different porosity 
types (intercrystalline and vuggy) as shown in Figure 3. Such calibration is more 
accurate when porosity types (e.g. intercrystalline, moldic, vug) or lithologies (mudstones, 
grainstones, sandstones) are not mixed together, since there are many variables that 
can produce to erratic measurements. Such variables could be divided in two categories: 
hardware-software variables and sample variables. Main hardware-software variables
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are: microscope illumination, magnification, filters, camera resolution, screen color 
adjustments and general software-color management. Sample variables include: thin 
section thickness, thin section pore types, mineral color and properties and dye-staining 
to name a few. If one or more of the above mentioned variables is significantly altered a 
new calibration might be needed.
Following the same procedure for porosity calibration, standard permeability 
values were plotted against the pore interconnectivity data obtained by the software. As 
shown in Figure 3 there is an acceptable correspondence between both parameters.
As mentioned before a digital image of the desired thin section is taken and a 
“per-area” calculation is made. However, this value needs to be multiplied by 100 to 
obtain porosity %. Figure 4 shows a screen capture of the porosity measurements and 
the percentage of pores connected to 3 or more pores (connectivity). Photograph on 
Figure 4 shows a matrix of planar-e dolomite, intercrystalline porosity (blue) and 
scattered nodules of non-planar dolomite. This is a typical fabric of the Wabamun at 
Gold Creek and it is represented in core by mottled (bioturbated) facies. In this 
particular case the “per-area” calculation shows a value of 0.748 meaning that 7.5% is 
the relationship between the blue clusters and the whole picture (total blue area/whole 
picture area). Since the blue clusters represent the intercrystalline porosity the % of 
objects (refer to Figure 4) indicate that 17% of the clusters are connected at least to 3 or 
more clusters, thus providing a three dimensional sense of connection between the 
pores.
3.4 Porosity Types and Measurements
Porosity measurements where performed for different types of rock fabrics and 
as a consequence different porosity types (e.g. vuggy and intercrystalline). However, the 
three main porosity types (Figure 5) observed in the studied rocks are: A) intercrystalline 
porosity (2-5 pm), can be relatively high >20% when the majority of the dolomite crystals 
have a planar (mixed subhedral-euhedral) or idiotopic fabric (Figure 5-A, B). In some 
cases the pore spaces are filled with dolomite debris or organic matter which plugs the 
pore throats (Figure 5-D). Non-planar dolomite has virtually no intercrystalline space for 
fluid flow (Figure 5-C), so dissolution is common in this dolomite fabric when fractured or 
brecciated; B) Vuggy porosity (>5jam), is preferentially developed in non-planar matrix 
and is probably triggered by intracrystalline porosity (dolomite leaching), and C)
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Intracrystalline porosity (<2 |am) might be the first stage of vug development and is only a 
matter of scale which differ both porosity types from each other.
Figure 6  illustrates the observation made on some Wabamun wells at Gold Creek 
where planar dolomite fabrics with relatively high porosity and permeability changed their 
texture by cementation and overgrowth and develop leaching. Eventually these textures 
develop scattered vuggy porosity but poor pore-interconnectivity.
O'Connell et al. (1990) postulated that extensional tectonics in the PRA could be 
responsible for fault-fracture systems development associated with the basement. 
Locally, Barret (2003) suggested collapse of the underlying Luduc patch reef at Gold 
Creek, developed conduits that allowed fluid flow through the Wabamun Carbonates. 
Both authors suggested Late Devonian- Mississippian (Visean) timing for such events. 
Therefore, fault and fracture systems controlled the reservoir porosity and permeability 
development and evolution at Gold Creek.
Fluid flow probably allowed dissolution of the Wabamun and development of 
zones with poor permeability (tight non-planar dolomite) but relatively high porosity (vugs 
and fractures) as shown in Figure 6 .
Image analysis of thin sections allows porosity measurements that adjust in 
particular to each lithofacies. Such resolution is not found in well-log estimations or 
standard methods (e.g. mercury injection) which will rather report and average where the 
desired lithofacies might be absent or mixed with others.
Data obtained by image analysis for some of the Wabamun wells located on top 
of the Leduc is shown in Table 1.
3.5 Dolomite fabric control at Gold Creek
As was discussed in the last section upon describing different Wabamun cores 
and thin sections it was noticed that non planar fabrics are associated with vuggy 
porosity and facture occurrence in several Gold Creek wells with an emphasis in the 
wells located at the core of the underlying patch reef (Figure 7). These observations are 
also expressed in the permeability vs. porosity plots shown in Figure 8 .
As observed, there is correlation between diagenetic lithofacies and 
petrophysical attributes of the surveyed intervals at Gold Creek. These petrographic 
attributes (as function of the dolomite fabrics) could be the aftermath of the local 
tectonics. This assumption is supported by Figures (7 and 8 ).
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3.6 Discussions and Conclusions
Pervasive dolomitization of Late Devonian Carbonates in the WCSB is regarded 
as the cause for developing dolostone bodies which constitute prolific hydrocarbon 
reservoirs (e.g. Al-Aasm 2003 and Al-Aasm et al. 2002). Such pervasive dolomitization 
is placed in different scenarios such as reflux and shallow burial (e.g. Drivet et al. 2004; 
Martindale et al. 2000; Packard et al. 2001 and Potma et al. 2004); burial dolomitization 
(e.g. Duggan 2004); hydrothermal (e.g. Al-Aasm 2000 and Packard et al. 2001). 
Euhedral to subhedral dolomite rhombs and associated intercrystalline porosity can be 
occluded by dolomite, calcite and anhydrite cementation, thus changing the 
petrophysical attributes of the dolomitized body.
Some of the above mentioned dolomitization processes which are believed to 
enhance the reservoir by forming idiotopic dolomite can alter dolostone in other 
unexpected ways as well. As an example reflux dolomitization is reported to enhance 
limestone porosity with an initial porosity of 35%, in an additional 8 %. However, “over- 
dolomitization” will decrease the original limestone porosity by dolomite cementation (e.g. 
Jones and Xiao 2004).
Other form of alteration is documented in the Wabamun by Packard et al (2001) 
in which hydrothermal fluids dissolves the pervasively dolomitized host rock, creating 
karst-like features. When such features are associated with fault-fracture systems are 
known as “Fracture Associated Hydrothermal Karst” , which also has certain textural and 
mineralogical characteristics.
Several parallels occur between the observations made in this study and the 
above mentioned processes. Since following the porosity and permeability evolution 
Gold Creek it can be noticed that the porous dolomitized intervals (e.g. 4-24-67-5W6) 
experience substantial dolomite cementation and overgrowth (Figure 4) thus, grading to 
a matrix of tight interlocking crystals which eventually grade to vuggy dolostone. Vug- 
riming cements tend to be completely absent or pervasively cementing the dolostone.
It is important however to mention that Packard et al. (2001) documented the 
effects of hydrothermal fluid interaction in the Wabamun Group. In such study micro­
silica of hydrothermal origin enhanced porosity and permeability values up to 30% and 
37 mD respectively. In the same way Hutcheon and Oldershaw (1985) studied the 
effects of common occurring clays when subjected to hydrothermal conditions and 
noticed an increase in porosity of around 2%. Therefore the effects hydrothermal fluids 
on carbonates need to be approached at a macro, meso and microscale.
97
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The method used in this study is not capable of taking into consideration the 
facts showed above, however IA porosity and permeability is proven to be a good 
qualitative tool to estimate basic petrophysical attributes of rocks. In this sense they may 
not substitute standard methods but they prove to be useful in wells where petrophysical 
data is not complete or situations where prospectors need to analyze petrophysical 
attributes of one lithofacies in particular (without the need to run well-log data 
acquisition). The following remarks are based on the discussion made above. Based on 
simple core observations, and data acquisition by image analysis; porosity in the 
Wabamun at Gold Creek, is believed to had evolved from intercrystalline to 
intracrystalline and finally to leached (vuggy). Fluid flow through the Wabamun Group 
produced a heterogeneous reservoir in porosity and permeability terms. Even thought 
pervasive dolomitization can produce porous dolostone bodies, the effects of continuous 
interactions with dolomitizing fluids might not be positive with respect to porosity and 
permeability.
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3.9 Tables
Table 1. Petrophysical attributes for Wabamun wells located on top of the Leduc at Gold 
Creek Field
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Table 1







10-25-67-5W6 11070 2.1 1.7 5.6 2.80 7.8 18
10-25-67-5W6 11079 13.0 12.0 4.6 2.85 6.1 41
10-25-67-5W6 11081 0.3 0.2 5.6 2.84 7.4 10
10-25-67-5W6 11089 1.2 1.2 1.2 2.82 1.6 22
10-25-67-5W6 11091 2.7 2.1 3.7 2.82 4.9 30
10-25-67-5W6 11093 0.1 0.1 4.1 2.82 6.2 13
10-25-67-5W6 11094 11.0 9.0 6.4 2.81 9.6 39
10-25-67-5W6 11095 33.0 22.0 8.7 2.84 13.1 52
10-25-67-5W6 11096 9.2 8.3 7.5 2.81 11.3 44
10-25-67-5W6 11097 22.0 21.0 10.0 2.81 15.0 49
10-32-67-4W6 10805 34.0 28.0 1.4 n/a 1.9 55
10-32-67-4W6 10807 176.0 11.0 3.4 n/a 4.5 51
10-32-67-4W6 10814.5 42.0 6.2 0.6 n/a 0.8 49
10-32-67-4W6 10821 9.0 8.7 1.6 n/a 2.1 36
10-32-67-4W6 10822,5 10.0 5.1 1.4 n/a 1.9 29
10-32-67-4W6 10824 2.9 2.5 0.5 n/a 0.7 19
10-32-67-4W6 10824.5 2.6 2.4 0.5 n/a 0.8 22
10-32-67-4W6 10829 8.0 6.6 2.3 n/a 3.5 41
10-32-67-4W6 10910 1.1 1.0 0.5 n/a 0.8 18
10-32-67-4W6 10911 6.2 5.1 0.5 n/a 0.8 33
10-3 2-67-4W6 10917 4.7 3.3 1.1 n/a 1.7 27
10-32-67-4W6 10926 19.0 11.0 1.1 n/a 1.8 47
4-34-67-4W6 11081 n/a n/a n/a n/a 3.4 18
4-34-67-4W6 11087 n/a n/a n/a n/a 2.8 29
4-34-67-4W6 11094 n/a n/a n/a n/a 7.7 32
4-34-67-4W6 11123 n/a n/a n/a n/a 4.2 21
4-34-67-4W6 11128 n/a n/a n/a n/a 19.0 38
4-34-6 7-4 W6 11132 n/a n/a n/a n/a 3.8 22
4-34-67-4W6 11135 n/a n/a n/a n/a 2.0 26
4-34-67-4W6 11139 n/a n/a n/a n/a 14.0 34
10-3-68-4W6 10561 1 0.36 3.6 n/a 1.8 14
10-3-68-4W6 10554 n/a n/a n/a n/a 1.1 13
10-3-68-4W6 10561 n/a n/a n/a n/a 2.9 22
10-3-68-4W6 10577 n/a n/a n/a n/a 2.0 12
10-3-68-4W6 10582 n/a n/a n/a n/a 3.1 28
10-3-68-4W6 10598 n/a n/a n/a n/a 2.1 19
10-3-68-4W6 10606 n/a n/a n/a n/a 0.5 11
10-3-68-4W6 10612 n/a n/a n/a n/a 1.2 18
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3.10 Figures
Figure 1. Porosity evolution in carbonates (after Jones, 1990).
Figure 2. A)Decrease in porosity soon after dolomitization (modified from Murray, 1960). 
B) Models for dolomite nucleation. C) Dolomite fabric as function of fluid-supersaturation 
and/or temperature (B and C modified from Sibley, 2003 -original from Sunagawa (1984) 
Figure 3. Image Analysis Porosity (IA) vs. Standard porosity (mercury capillary pressure) 
calibration curve. Vuggy porosity (pink squares-well 10-32-67-4W6) and intercrystalline 
porosity (blue diamonds-well 10-25-67-5W6). Kmax (log scale) vs. IA connectivity 
showing similar trend
Figure 4. Screen capture using Image-Pro Plus ® of well 4-34-67-4W6 @ 11128 ft. The 
thin section photograph shows intercrystalline porosity in planar-e dolomite with 
scattered nodules of non-planar dolomite. Porosity and pore “connectivity” are inferred 
performing “per-area” calculations.
Figure 5. Main porosity types observed in the Wabamun at Gold Creek. A) Planar-e 
dolomite exhibiting intercrystalline porosity. B) Typical Wabamun nodular fabric featuring 
matrix replacive planar-e dolomite and scattered non-planar nodules C) Non-planar 
dolomite matrix. D) Debris occupying pore space. E) Vuggy porosity development in non- 
planar host. Note the absence of calcite cementation.
Figure 6. Probable path for porosity evolution in the Wabamun at Gold Creek.
Figure 7. Connectivity vs. Porosity (IA) for Wabamun wells located on collapsed and 
non-collapsed areas of the underlying Leduc Fm. The Wabamun shows an increase in 
fractures, dissolution vugs and cementation towards the reef core (collapsed). 
Lithofacies also vary from tight non-planar dolomite fabrics (fracture flow) to planar-e 
dolomites exhibiting intercrystalline porosity (matrix flow)
Figure 8. Upper map Gold Creek location in west-central Alberta, Canada. Lower map 3- 
D seismic section of Gold Creek (modified from Barret, 2003) showing the underlying 
patch reef (Leduc Formation).
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CHAPTER 4 
Summary
4.1 Diagenesis of the Wabamun Group at Gold Creek
Carbonates from the Wabamun Group experienced a complex diagenetic history at 
Gold Creek Field, West-central Alberta. This conclusion is made after combining core 
and thin section observations with geochemical investigations. Even though the study 
area (southern flank of the PRA) did not achieve maximum burial depths until Late 
Cretaceous-Early Tertiary (~3 Km.); the Wabamun at Gold Creek collapsed at depths 
that were probably less than 1500 m. These collapse signatures ranged from stylolites 
cross-cutting fractures and MVT-type textures to saddle dolomite showing a wide range 
of minimum entrapment temperatures, which extended from 130°C to 239°C. 
Geochemical modeling showed evidence of that the Wabamun carbonates experienced 
different degrees of alterations, thus supporting a fault-controlled diagenesis. An 
example of such tectonically-controlled diagenesis is the MRNPD generation which is 
interpreted to have a marine reflux origin. This generation showed to be Mn-enriched 
and Sr-depleted (contrary to its original signature), with a radiogenic strontium signature 
of 0.71095 (0.7082-0.7083 Famennian values) was found. Fluids responsible for this 
radiogenic overprint probably are the same fluids that showed 5180  (SMOW) values from 
5 to 15%o which are within the range of the basement-derived fluids that interacted with 
all Wabamun carbonates at Gold Creek.
The importance of timing these hydrothermal events in the area lies in the fact that 
the above mentioned hydrothermal fluids are documented to produce porous dolomite 
bodies or new mineralizations, which result in a net porosity gain. The fields in PRA are 
formed by pre-Cretaceous truncation of the older sediments. Gas is trapped in 
interpeloidal and dolomite-associated porosity, sealed by overlying impermeable 
Mesozoic sediments. Interpeloidal and dolomite associated porosity, are altered when 
exposed to different diagenetic conditions as it might have happened in the study area. 
At Gold Creek, the interaction with fluids that percolated through early-developed fault 
and fracture systems led to alterations in the original petrophysical attributes of the 
substrate. The Wabamun at Gold Creek experienced cementation and overgrowth which 
later resulted into tight fabrics. New generations of fractures probably triggered by the 
ongoing collapse of the underlying Leduc patch reef or more regional tectonics renewed 
interaction of the Wabamun carbonates with fluids exhibiting fluctuations in their Ca/Mg
114
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ratios. Such fluids enhanced leaching (or “Fracture Associated Hydrothermal Karst”); 
formation of pervasive dolomite and favored the development of MVT-type textures.
The following final remarks are based on the previous discussion:
• The original porosity and permeability attributes of the Wabamun carbonates at 
Gold Creek Field were altered by interaction with hydrothermal fluids. Such 
alteration probably had mixed effects on the Wabamun petrophysical attributes. A 
detrimental one that allowed overgrowth and cementation of the rock matrix; and 
an enhancing effect that caused matrix dissolution (FAHK). Both processes were 
likely to be controlled by the fluid geochemistry.
• Dolomite with intercrystalline porosity is likely to prevail in previous dolomitized 
(reflux) rocks that are out of the hydrothermal halo created by fluid-flow through 
fault and fracture systems (outer reef-rim?). Dolostone with vuggy porosity (FAHK) 
is likely to be found where extensive hydrothermal fluid-flow had occurred (reef- 
core?).
• The timing for pervasive dolomitization and associated hydrothermal alterations is 
likely to pre-date the Laramide orogeny.
4.2 Recommendation for future studies
Depending on core availability a geochemical and sedimentological study should 
be carried out in underlying strata in order to investigate vertical fluid flow to the 
Wabamun of basement-derived fluids. For this purpose drill cuts might be useful in 
observing the mineralogy (dolomite types, presence of sulphides and other 
hydrothermal-related signatures) and if possible studying some geochemical 
attributes such as: 513C, 5180 , 87Sr/86Sr and FI.
LA-ICP-MS can be used to investigate changes in the diagenetic environment 
during dolomite overgrowth. Such data could be useful when coupled with fluid 
inclusion microthermometry to constrain the timing and composition of the fluids.
Since porosity evolution should be studied at macro, meso and microscale a SEM 
investigation on the Wabamun dolomites at Gold Creek will help to determine if 
hydrothermal-related fluids induced new conditions or mineralizations that could 
potentially improve the porosity and permeability attributes these dolostone bodies.
Since dolomitization in the Wabamun around the PRA might not be exclusively 
linked to fault and fracture trends, efforts in understanding the spatial distribution of
115
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carbonate shoals could be productive towards Wabamun hydrocarbon exploration 
since the former lead to porous dolostone bodies.
116
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDICES
APPENDIX A - WELL LOGS
APPENDIX B - THIN SECTION DESCRIPTIONS
APPENDIX C - MAJOR, MINOR AND TRACE ELEMENT CONCENTRATIONS FOR 
THE WABAMUN CARBONATES AT GOLD CREEK
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APPENDIX A - WELL LOGS
118
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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APPENDIX B - THIN SECTION DESCRIPTIONS
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GOLD CREEK FIELD WELL 10-5-68-4W6
DESCRIPTION THIN SECTION ID2 DEPTH 10633.5 ft
Stylonodular fabric, medium crystalline non planar dolomite matrix fine crystalline planar- 
s to -e dolomite filling. Clear rim matrix, inclusion rich nucleus. Crystal size .25 mm, vug 
size 1.9 mm.
Non-Ferroan, non mimic 
Medium, vuggy porosity w/patchy distribution 
planar-s to -e medium size crystalline dolomite 
Bright matrix and cements 
non
CL pictures.








DESCRIPTION ID3 DEPTHTHIN SECTION 
Planar-s to non-planar, small vugs 
Dolomite Non-Ferroan, non mimic
Poor to medium, vuggy porosity w/patchy distribution 
Anhydrite and sphalerite 











DESCRIPTION THIN SECTION ID4 DEPTH 10647 ft
Seam dissolution - stylonodular fabric, brownish fine crystalline size planar-s dolomite fill. 
Nodules are formed by very coarse crystalline dolomite (non-planar) near the clast 
periphery and by medium size planar-s dolomite in the clast (nodules) nucleus. The 
texture developed in this rock could be after algal or bacterial mats, however the lack of 
pyrite or other evidence (revealed by fluorescence), indicates that physical processes 






Poor to medium, vuggy porosity w/patchy distribution 
Poikilotopic calcite and pyrite in the nodule nucleus 
all bright elements
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Fluorescence: non
PICS non
Sample Early blocky calcite for isotopes and Sr
DESCRIPTION THIN SECTION ID5















Non-planar matrix for isotopes, microprobe
DESCRIPTION THIN SECTION ID6  DEPTH 10671 ft










Poor to medium, mostly intercrystalline




Non-planar matrix for isotopes, microprobe. Saddle dolomite as
DESCRIPTION THIN SECTION ID7 DEPTH 10679 ft
Mudstone: micritized matrix w/scattered dolomite rhombs (selective matrix dol.) 








Poor to medium, vuggy porosity w/patchy distribution 
Calcite cement 
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Sample Isotopes on seam dissolution fine crystalline dolomite and matrix
GOLD CREEK FIELD WELL 10-25-67-5W6
DESCRIPTION THIN SECTION ID9 DEPTH 10710 ft
Mudstone: Echinoderms and brachiopods, syntaxial overgrowth in brachiopods, dolomite 









Poor to medium, vuggy, interparticle





DESCRIPTION ID12 DEPTH 11079 ftTHIN SECTION 
Non-planar dolomite matrix 
Dolomite Non-Ferroan, non mimic
Poor to medium, vuggy, intercrystalline 
Calcite
all bright elements 
non 
non







and non-planar matrix, FI wafers
DESCRIPTION THIN SECTION ID13A DEPTH 11081ft
Stylo-nodular fabric composed by non-planar dolomite nodules or patches and very fine 








Poor to medium, vuggy, intercrystalline
Dolomite, anhydrite and pyrite
all bright elements
some zoning in the cements
non
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Sample ntra-clast calcite cement for isotopes. Sr?. FI wafer
DESCRIPTION THIN SECTION ID14 DEPTH 11089 ft
Nodules of massive non planar to planar s-dolomite, most of the rhombs with syntaxial 
overgrowth interparticle space cemented with blocky calcite and pyrite occurring in a 
smaller scale.
appear to be before brecciation.
Planar-s
Poor to medium, vuggy, intracrystalline 
Poikilotopic Calcite, sphalerite and pyrite 
all bright elements
non luminescence, some zoning in the cements 
non









DESCRIPTION THIN SECTION ID15 DEPTH 11091ft
Nodules of massive non planar to planar s-dolomite, most of the rhombs with syntaxial 
overgrowth interparticle space cemented with blocky calcite and pyrite occurring in a 
smaller scale.
appear to be before brecciation.
Planar-s
Poor to medium, vuggy, intercrystalline 
Calcite
all bright elements
non luminescence, some zoning in the cements 
non









DESCRIPTION THIN SECTION ID16 DEPTH 11093 ft
Non planar host brecciated fabric. Some nodules compose by fine planar-s dolomite 
Dolomite Planar-s
Porosity Poor to medium, vuggy, intercrystalline
Cements Saddle dolomite, fibrous calcite, pyrite and sphalerite
134
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CL features: all bright elements
Fluorescence: some zoning in the cements
PICS 5
Sample Isotopes on fibrous calcite, saddle dolomite, matrix dolomite.
Blocky calcite. Sr?. FI wafer
DESCRIPTION THIN SECTION ID18 DEPTH 11095 ft
Non-planar host, planar-s to planar-e dolomite cement, medium size crystals. Stylolites 










medium size dolomite crystals
all bright elements
zoning in the cements
non
Sample matrix dolomite, planar-e dolomite and poikilotopic calcite
DESCRIPTION THIN SECTION ID19 DEPTH 11096 ft
Non-planar dolomite host with brecciated clast. First gen. blocky calcite and 2nd gen. 
fibrous calcite. UV reveals some aspects of original fabric: very peculiar structures of 
bacterial mats (mudstone?), with somewhat nodular fabric. Crinoidal neomorphism, diff. 









Non planar and planar-s, non ferroan dolomite 
Poor to medium
Blocky and fibrous calcite. Medium size planar-e dolomite 
all bright elements 
Reveals original fabric 
2
sotopes in poikilotopic calcite, blocky calcite vein and dolomite
DESCRIPTION THIN SECTION ID20 DEPTH 11096.5 ft
Non-planar host, clearly replacing bacterial mats (after BV)
Dolomite Non ferroan dolomite, calcite an pyrite
135








Blocky and fibrous calcite. Medium size planar-e dolomite 
all bright elements 
Reveals original fabric 
2
Isotopes and Sr? in blocky and fibrous calcite
GOLD CREEK FIELD WELL 9-30-68-5W6
















Isotopes on matrix and cements (saddle dolomite and planar-e)
DESCRIPTION THIN SECTION ID22 DEPTH 3278.2 m
Non-planar dolomite host, nodules cemented by large calcite plates, several horizontal 














Isotopes and Sr, on calcite
DESCRIPTION THIN SECTION ID23 DEPTH 3278.5 m
Non-planar dolomite host, nodules cemented by large calcite plates, several horizontal 
fractures are crosscutting stylolites 
Dolomite Non-Ferroan, non mimic
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Porosity Poor to medium, fractures-vuggy
Cements Calcite
CL features: dull-bright matrix
Fluorescence: non
PICS non
Sample Isotopes and Sr, calcite plates. FI waffles
DESCRIPTION THIN SECTION ID24 DEPTH 3283 m
Massive non-planar to planar-s host. Stylonodular fabric. Fine dolomite planar-e between 









Poor to medium, intercrystalline




Isotopes and Sr, on fibrous calcite
DESCRIPTION THIN SECTION ID27 DEPTH 3289 m
Massive planar-s dolomite. Very porous spaces produced by planar-e dolomite 










Planar-e dolomite rhombs 
bright matrix, bright dull cements 
zoned cements
Isotopes and Sr on fibrous calcite
DESCRIPTION THIN SECTION ID28 DEPTH 3291 m











bright matrix, bright dull cements
Zoned cements
Non-Ferroan, pseudomorfic
Isotopes and Sr in saddle dolomite cement
DESCRIPTION THIN SECTION ID31 DEPTH 3293.3 m
Non-planar matrix, regular size crystals. Patches of very porous planar-e dolomite 
cement










Medium to coarse planar-e dolomite rhombs 
Bright matrix, bright dull cements 
Very good zoning 
Non
Saddle dolomite, matrix and planar-e cement, Isotopes and Sr
DESCRIPTION THIN SECTION ID34 DEPTH 3299.2 m
Tight non planar dolomite. Patches of very porous planar-e dolomite cement 










Medium to coarse planar-e dolomite rhombs
Bright matrix, bright dull cements
Very good zoning
Non
Non planar matrix and planar-e cements
GOLD CREEK FIELD WELL 6-17-68-5W6
DESCRIPTION THIN SECTION ID35 DEPTH 10813 ft
Stylonodular fabric, in this case the nodules are composed by very porous medium 
crystalline planar-e dolomite, fine crystalline planar-e dolomite (in asso. w/clays + HC's). 
The host rock is non planar, tight dolomite. Good for porosity paper
138









Medium to good, interparticle 
Medium to coarse planar-e dolomite rhombs 
Bright matrix, bright dull cements 
Very good zoning 
2
Isotopes on matrix and cements. Sr?
DESCRIPTION THIN SECTION ID36 DEPTH 10813 ft
Stylonodular fabric, in this case the nodules are composed by very porous medium 
crystalline planar-e dolomite, fine crystalline planar-e dolomite (in asso. w/clays + HC's). 
Fractured w/ saddle dolomite and gypsum cement between the clast. Good for porosity 
paper
Non-Ferroan
Medium to good, interparticle 
Medium to coarse planar-e dolomite rhombs 
Bright matrix, bright dull cements 
Very good zoning 
2








matrix dolomite and blocky calcite
DESCRIPTION THIN SECTION ID37 DEPTH 10821 ft
This thin section shows the complete replacement of the fine crystalline, planar-e 
dolomite which composes part of the stylonodular fabric by porous medium to coarse 








Non-Ferroan, non mimic dolomite.
Good, interparticle
Medium to coarse planar-e dolomite. Blocky calcite 
Bright matrix, bright dull cements 
Very good zoning 
1
Blocky calcite and patchy cements for isotopes and strontium
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DESCRIPTION THIN SECTION ID39 DEPTH 10829 ft
Same description as ID37, but in this case occur calcite + anhydrite cementation. Some 








Non-Ferroan, non mimic dolomite.
Good, interparticle 
Calcite and anhydrite 
Bright matrix, bright dull cements 
Very good zoning 
2
Isotopes in blocky calcite, patchy dolomite
DESCRIPTION THIN SECTION ID40 DEPTH 10865 ft
Non planar dolomite host with patches of medium to coarse crystalline planar-e dolomite. 








Non-Ferroan, non mimic dolomite.
Good, vuggy mostly 
dolomite, calcite and anhydrite 
Bright matrix, bright dull cements 
Very good zoning 
Non
Seam dissol. Dolomite and patchy dolomite
DESCRIPTION THIN SECTION ID41 DEPTH 10869 ft
Tight non-planar to planar-s dolomite, dissolution seams infilling the stylonodular fabric, 








Non-Ferroan, non mimic dolomite. 
Good, vuggy mostly 
Calcite and anhydrite 
Bright matrix, bright dull cements 
Some zoned cements 
Non-Ferroan, non mimic dolomite. 
Blocky calcite, before dissolution
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DESCRIPTION THIN SECTION ID42 DEPTH 10960.5 ft 








Non-Ferroan, non mimic dolomite. 
Good, vuggy mostly 
Saddle dolomite
Bright matrix, bright dull cements
Some zoned cements
Non
Saddle dolomite for Sr and isotopes
DESCRIPTION THIN SECTION ID43 DEPTH 1096.6 ft
Coarse crystalline non-planar dolomite. Fine crystalline dolomite + dark oxides + bitumen








Non-Ferroan, non mimic dolomite.
Good, vuggy mostly 
Saddle dolomite, anhydrite 
Bright matrix, bright dull cements 
Some zoned cements 
2
Sample saddle calcite in the planar and non planar host
DESCRIPTION THIN SECTION ID45 DEPTH 10981 ft 









Non-Ferroan, non mimic dolomite.
Medium, vuggy mostly 
Saddle dolomite and calcite 
Bright matrix.
Some zoned cements 
Non
Brecciated nodules, sample saddle in between
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DESCRIPTION THIN SECTION ID46 DEPTH 10986 ft
Non-planar dolomite w/planar-e dolomite cements patches (some are cemented by 








Non-Ferroan, non mimic dolomite. 
Good, vuggy mostly 
Saddle dolomite, anhydrite 
Bright matrix, bright dull cements 
Some zoned cements 
1
Blocky calcite
DESCRIPTION THIN SECTION ID47 DEPTH 
Coarse crystalline planar-e dolomite very porous









Good, intercrystalline and vuggy 
Saddle dolomite, anhydrite 
All bright elements 
Some zoned cements 
1
Sample planar-e dolomite, medium to coarse crystalline
DESCRIPTION THIN SECTION ID48 DEPTH 11002 ft
Tight non planar dolomite w/ nodular fabric. The Internodular space is widely cemented









Medium, intercrystalline and vuggy 
Saddle dolomite, anhydrite 
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GOLD CREEK FIELD WELL 10-32-67-4W6
DESCRIPTION THIN SECTION ID49 DEPTH 









Medium to good, interparticle 
Anhydrite, saddle dolomite, spharalite 




DESCRIPTION THIN SECTION ID50 DEPTH 10807 ft 














DESCRIPTION THIN SECTION ID51 DEPTH 10814.5 ft
Non-planar dolomite clasts in brecciated fabric. Anhydrite and spharalite occur widely. 








Poor to medium, vuggy





Very tight planar-s dolomite 
Dolomite Non-Ferroan
ID52 DEPTH 10821 ft
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DESCRIPTION THIN SECTION ID54 DEPTH 10824 ft 












DESCRIPTION THIN SECTION ID54B DEPTH 10824 ft 









Saddle dolomite, pyrite 
Bright matrix 
Good zoning
DESCRIPTION THIN SECTION ID55 DEPTH 10824.5 ft 
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DESCRIPTION THIN SECTION ID56 DEPTH 10829 ft
Zebra fabric. Veins and fractures cemented by anhydrite and saddle dolomite. S.
dolomite overgrowth from the coarse crystalline non-planar matrix
Dolomite Non-Ferroan
Porosity Good, intercrystalline, vuggy and fracture
Cements Anhydrite and saddle dolomite
CL features: Bright matrix
Fluorescence: Good zoning
PICS Non
DESCRIPTION THIN SECTION ID57 DEPTH 10910 ft 
Bioherm in contact with a heavily cemented and brecciated non-planar host; where 
planar-e porous patches appear to be very corroded. Some non altered crinoid 
fragments can be seen. Chalcedony replacing matrix dolomite
Dolomite Non-Ferroan, mimetic-pseudomorfic dolomite
Porosity Poor to medium, vuggy, fracture
Cements Saddle dolomite, calcite and chalcedony
CL features: Bright matrix
Fluorescence: Good zoning
PICS 2
DESCRIPTION THIN SECTION ID58 DEPTH 10911ft
Brecciated non-planar dolomite nodules. Saddle dolomite growth towards the vuggy
porosity
Non-Ferroan, mimetic-pseudomorfic dolomite 
Poor to medium, vuggy, fracture 










DESCRIPTION THIN SECTION ID59 DEPTH 10917 ft
Same fabric but with clearly zonated saddle dolomite cements 
Dolomite Non-Ferroan, pseudomorfic dolomite
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Porosity Poor to medium, vuggy, fracture
Cements Saddle dolomite and calcite
CL features: Bright matrix
Fluorescence: Good zoning
PICS Non
DESCRIPTION THIN SECTION ID60A DEPTH 10926 ft 
Non-planar dolomite matrix, with some dissolution vugs. Anhydrite cemented sub­
horizontal fractures. Saddle dolomite overgrowth towards vuggy porosity, some porosity 








Poor to medium, vuggy, fracture




DESCRIPTION THIN SECTION ID60B DEPTH 10926 ft
Same fabric as ID60 but this thin section shows highly corroded dolomite cements.








Poor to medium, vuggy, fracture




GOLD CREEK FIELD WELL 9-32-68-4W6
DESCRIPTION THIN SECTION ID61A DEPTH 10553.5 ft
Grapestone with sparry calcite cementation (vadose?). Later dissolution and planar-e
dolomite cementation of medium crystalline size can be seen dolomite cement of
medium crystalline size can be seen
Dolomite Non
Porosity Medium to good, interparticle
146





Sparry calcite and planar-e medium crystalline dolomite 
Bright matrix, bright dull cements 
Good zoning 
Non
DESCRIPTION THIN SECTION ID61B DEPTH 10553.5 ft 








Medium to good, interparticle 
Spharalite, anhydrite and calcite 
Bright matrix, bright dull cements 
Good zoning 
Non
DESCRIPTION THIN SECTION ID62 DEPTH 10561 ft 
Diagenetic contact between the facies reported in ID61A. Sphalerite and ahydrite cement 
the host.
Non
Medium to good, interparticle 










DESCRIPTION THIN SECTION ID63 DEPTH 10577 ft
Contact between: Grainstone: peloidal grainstone cemented by early equant calcite 
cement. Very low compaction between grains. Crosscut by fibrous calcite cement + clays. 
Brachiopods fragments are well preserved. Mudstone: micrite matrix w/ crinoid 
fragments (one whole spinal slice is 2.4 mm. Some scattered dolomite rhombs. This thin 






Poor to medium, vuggy and interparticle 
Dolomite replacement and calcite 
All bright
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Fluorescence: Good zoning
PICS 4
DESCRIPTION THIN SECTION ID64 DEPTH 10582 ft 
Mudstone w/crinoidal remains, ostracods (scarce) and a skeletal fragment with chert
nucleous
Dolomite Non mimetic, non ferroan
Porosity Poor to medium, vuggy and interparticle
Cements Calcite and planar-s dolomite
CL features: All bright
Fluorescence: Good zoning
PICS Non
DESCRIPTION THIN SECTION ID65 DEPTH 10598 ft 
Mudstone with several planar-e dolomite "bags" probably after selective dolomitization of 
bioturbated sediments. Dolomitization appears penecontemporaneous w/stylolization but 
predating blocky calcite cementation
Dolomite Non mimetic, non ferroan
Porosity Poor to medium, vuggy and interparticle
Cements Blocky calcite
CL features: All bright
Fluorescence: Good zoning
PICS Non
DESCRIPTION THIN SECTION ID6 6  DEPTH 10606 ft 
Mudstone w/borrowings like features, filled with dolomite (planar-e to -s, medium 
crystalline. Coarse blocky calcite veins predating dolomite and stylolites. Crinoids are 
common
Dolomite Non mimetic, non ferroan
Porosity Poor to medium, vuggy and interparticle
Cements Blocky calcite
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DESCRIPTION THIN SECTION ID67 DEPTH 10612 ft 
Mudstone w/ several dark stylolized bags. Very well preserve brachipods and crinoid 
fragments. Equant calcite cementation
Dolomite Non mimetic, non ferroan
Porosity Poor to medium, vuggy and interparticle
Cements Blocky calcite
CL features: All bright
Fluorescence: Good zoning
PICS Non
GOLD CREEK FIELD WELL 4-34-67-4W6
DESCRIPTION THIN SECTION ID6 8  DEPTH 10553.5 ft 







Non ferroan, pseudomorphic 
Medium to good, interparticle 
Saddle dolomite, calcite 
Bright matrix, bright dull cements 
Good zoning 
Non
DESCRIPTION THIN SECTION ID69 DEPTH 11087 ft 







Non ferroan, pseudomorphic 
Medium to good, interparticle 
Saddle dolomite, calcite 
Bright matrix, bright dull cements 
Good zoning 
Non
DESCRIPTION THIN SECTION ID70 DEPTH 11094 ft 
Layered medium to coarse crystalline non-planar dolomite (probably replacing bacterial 
mats). Fractures and veins cutting coarse planar-e dolomite-anhydrite cement 
Dolomite Non ferroan, pseudomorphic
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Porosity Medium to good, interparticle
Cements Saddle dolomite and anhydrite
CL features: Bright matrix, bright dull cements
Fluorescence: Good zoning
PICS Non
DESCRIPTION THIN SECTION ID71 DEPTH 11123 ft
Medium to coarse crystalline non-planar dolomite matrix. Zoned w/planar-e dolomite,







Non ferroan, pseudomorphic 
Medium to good, interparticle 
Ferroan calcite, dolomite and anhydrite 
Bright matrix, bright dull cements 
Good zoning 
2
DESCRIPTION THIN SECTION ID72 DEPTH 11128 ft 
Same facies as ID71 where layers can be seen and porous patches of coarse crystalline 
planar-e dol. The white paper sheet technique reveals dolomitization of a peloidal 
mudstone (coated grains can be seen). Stylolites crosscut dolomite cementation. 







Non ferroan mimetic and pseudomorphic 
Medium to good, interparticle 
Saddle dolomite, planar-e dolomite and anhydrite 
Bright matrix, bright dull cements 
Very good zoning 
2
DESCRIPTION THIN SECTION ID73 DEPTH 11132 ft
Non-planar dolomite clast w/ saddle dolomite cements within the matrix (no porosity).
Intraclast cement composed by ferroan dolomite and anhydrite
Dolomite Ferroan mimetic
Porosity Poor to medium, vuggy
Cements Ferroan dolomite and anhydrite
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CL features: Bright matrix, bright dull cements
Fluorescence: Very good zoning
PICS Non
DESCRIPTION THIN SECTION ID74 DEPTH 








Non ferroan mimetic and pseudomorphic 
Poor to medium, vuggy 
dolomite and anhydrite 
Bright matrix, bright dull cements 
Very good zoning 
2
DESCRIPTION THIN SECTION ID75 DEPTH 11139 ft







Non ferroan mimetic and pseudomorphic 
Good, vuggy and intercrystalline 
dolomite and anhydrite 
Bright matrix, bright dull cements 
Very good zoning 
2
GOLD CREEK FIELD WELL 9-28-67-4W6
DESCRIPTION THIN SECTION ID76 DEPTH 3257 m
Very corroded, medium to coarse crystalline non-planar dolomite, very well zoned.







Non ferroan, mimic pseudomorphic 
Good, intracrystalline and vuggy 
Saddle dolomite, calcite 
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DESCRIPTION THIN SECTION ID77 DEPTH 
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APPENDIX C - MAJOR, MINOR AND TRACE ELEMENT CONCENTRATIONS FOR 
THE WABAMUN CARBONATES AT GOLD CREEK
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